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❚❤✐s t❤❡s✐s ❝♦♥s✐sts ♦❢ t❤r❡❡ ✐♥❞❡♣❡❞❡♥t ❛♥❞ s❡❧❢ ❝♦♥t❛✐♥❡❞ ❝❤❛♣t❡rs✱ ❛❧❧ ♦❢ ✇❤✐❝❤ ❤❛✈❡ t❤❡ ❡❝♦♥♦♠✐❝s
♦❢ t❤❡ ♠❡❞✐❛ ♦r t❤❡ ✐♥t❡r♥❡t ❛s t❤❡ ❝♦♠♠♦♥ ✉♥✐❢②✐♥❣ t❤❡♠❡✳ ■♥ ❈❤❛♣t❡r ■✱ ✇❡ ❛s❦ ✇❤❡t❤❡r ♥❡✇
t❡❝❤♥♦❧♦❣✐❡s ❝❤❛♥❣❡ t❤❡ ✇❛② ♣♦❧✐t✐❝❛❧ ♠❛r❦❡ts ✇♦r❦ ✐♥ ❛ ❞❡♠♦❝r❛❝②❄ ❲❡ st✉❞② t❤❡ ✐♠♣❛❝t ♦❢ ❛❞♦♣t✐♥❣
❛ ♥❡✇ t❡❝❤♥♦❧♦❣② ♦♥ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s r❡❝❡✐✈❡❞ ❜② ❝❛♥❞✐❞❛t❡s r✉♥♥✐♥❣ ❢♦r t❤❡ ❯✳❙✳ ❈♦♥❣r❡ss✳ ❚♦
✐❞❡♥t✐❢② t❤❡ ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢ ❥♦✐♥✐♥❣ ❚✇✐tt❡r✱ ✇❡ ❝♦♠♣❛r❡ ❞♦♥❛t✐♦♥s ❥✉st ❜❡❢♦r❡ ❛♥❞ ❥✉st ❛❢t❡r ♣♦❧✐t✐❝✐❛♥s
♦♣❡♥ ❛♥ ❛❝❝♦✉♥t ✐♥ r❡❣✐♦♥s ✇✐t❤ ❤✐❣❤ ❛♥❞ ❧♦✇ ❧❡✈❡❧s ♦❢ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✱ ❝♦♥tr♦❧❧✐♥❣ ❢♦r ♣♦❧✐t✐❝✐❛♥✲
♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts✳ ❲❡ ❡st✐♠❛t❡ t❤❛t ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t ❛♠♦✉♥ts t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❛t ❧❡❛st
✷✲✸✪ ✐♥ ❞♦♥❛t✐♦♥s ♣❡r ❝❛♠♣❛✐❣♥✳ ▼♦r❡♦✈❡r✱ t❤✐s ❡✛❡❝t ❤♦❧❞s ♦♥❧② ❢♦r ✐♥❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❤❛✈❡
♥❡✈❡r ❜❡❡♥ ❡❧❡❝t❡❞ t♦ t❤❡ ❈♦♥❣r❡ss ❜❡❢♦r❡✳ P❧❛❝❡❜♦ ❝❤❡❝❦s s✉❣❣❡st t❤❛t t❤✐s ✐♠♣❛❝t ✐s ♥♦t ❞r✐✈❡♥ ❜②
❝♦♥❝✉rr❡♥t ✐♥❝r❡❛s❡ ✐♥ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡s❡ ♣♦❧✐t✐❝✐❛♥s ✐♥ ♥❡✇s♣❛♣❡rs ♦r ❜❧♦❣s✱ ❚❱ ❛❞s✱ ♦r ❝❛♠♣❛✐❣♥
❡①♣❡♥❞✐t✉r❡s✳ ❚❤❡ ❣❛✐♥ ❢r♦♠ ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t ✐s str♦♥❣❡r ❢♦r ❞♦♥❛t✐♦♥s ❝♦♠✐♥❣ ❢r♦♠ ♥❡✇ ❛s
♦♣♣♦s❡❞ t♦ r❡♣❡❛t ❞♦♥♦rs✱ ❢♦r ♣♦❧✐t✐❝✐❛♥s ✇❤♦ t✇❡❡t ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡❧②✱ ❛♥❞ ❢♦r ♣♦❧✐t✐❝✐❛♥s ❢r♦♠ r❡❣✐♦♥s
✇✐t❤ ❧♦✇❡r ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥✳ ❖✈❡r❛❧❧✱ ♦✉r ✜♥❞✐♥❣s s✉❣❣❡st t❤❛t ❛ ♥❡✇ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❡❝❤♥♦❧♦❣②
❝❛♥ ❧♦✇❡r t❤❡ ❜❛rr✐❡rs t♦ ❡♥tr② ✐♥ ♣♦❧✐t✐❝❛❧ ❝♦♥t❡sts ❜② ✐♥❝r❡❛s✐♥❣ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✬ ♦♣♣♦rt✉♥✐t✐❡s ♦❢
✐♥❢♦r♠✐♥❣ ✈♦t❡rs ❛♥❞ ❢✉♥❞✲r❛✐s✐♥❣✳ ■♥ ❈❤❛♣t❡r ■■✱ ✇❡ ❛s❦ ✐❢ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ♥❡✇s st♦r✐❡s ♦♥❧✐♥❡✱
✐♥❞❡♣❡♥❞❡♥t ♦❢ st♦r② q✉❛❧✐t②✱ ✐♥✢✉❡♥❝❡ t❤❡ ✇❛② ❡❞✐t♦rs ❛❧❧♦❝❛t❡ r❡s♦✉r❝❡s t♦ t❤❡♠✱ ❛♥❞ ✐❢ s♦✱ ❤♦✇❄
❯s✐♥❣ ❛ ✉♥✐q✉❡ ♦♥❧✐♥❡ ♥❡✇s ❞❛t❛s❡t ❢r♦♠ ❛ ❧❛r❣❡ ■♥❞✐❛♥ ❊♥❣❧✐s❤ ❞❛✐❧② ♥❡✇s♣❛♣❡r✱ ✇❡ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡
t❤❛t ❡❞✐t♦rs ❡①♣❛♥❞ ❝♦✈❡r❛❣❡ ♦❢ st♦r✐❡s ✇❤✐❝❤ r❡❝❡✐✈❡ ♠♦r❡ ❝❧✐❝❦s ✐♥✐t✐❛❧❧②✳ ❚♦ ❡st❛❜❧✐s❤ ❛ ❝❛✉s❛❧ ❧✐♥❦
❜❡t✇❡❡♥ ❝❧✐❝❦s ❛♥❞ ❝♦✈❡r❛❣❡✱ ✇❡ ✉s❡ ❛ ♥♦✈❡❧ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡s str❛t❡❣② ❡①♣❧♦✐t✐♥❣ r❛✐♥❢❛❧❧ ❛♥❞
♣♦✇❡r ♦✉t❛❣❡s ❛s ❡①♦❣❡♥♦✉s s❤♦❝❦s t♦ r❡❛❞❡r ❛❝❝❡ss t♦ ♦♥❧✐♥❡ ♥❡✇s✳ ❲❡ ✜♥❞ t❤❛t t❤❡ ♥❡✇s♣❛♣❡r
r❡s♣♦♥❞s ❛s②♠♠❡tr✐❝❛❧❧② t♦ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s st♦r✐❡s✱ ❣✐✈✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡
♦♥❧② t♦ ♣♦♣✉❧❛r ❤❛r❞ ♦♥❡s ♣r♦✈✐❞✐♥❣ ❡✈✐❞❡♥❝❡ ❢♦r ❤❛r❞ ♥❡✇s ❝r♦✇❞✐♥❣ ♦✉t s♦❢t ♥❡✇s ❛♥❞ ♥♦t ✈✐❝❡✲✈❡rs❛✳
❋✐♥❛❧❧②✱ ✇❡ r❡❧❛t❡ ♦✉r r❡s✉❧ts t♦ ✜r♠ str❛t❡❣② ❛♥❞ t❤❡ ❝❤❛❧❧❡♥❣❡ ✜r♠s ❢❛❝❡ ✐♥ ❤❛♥❞❧✐♥❣ ❵❜✐❣ ❞❛t❛✬✳ ■♥
❈❤❛♣t❡r ■■■✱ ✇❡ ❡①❛♠✐♥❡ ✇❤❡t❤❡r ❛ t❡❝❤♥♦❧♦❣②✱ s✉❝❤ ❛s t❤❡ ✐♥t❡r♥❡t✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡s t❤❡ s❡t ♦❢ ♣r♦❞✉❝ts
❛✈❛✐❧❛❜❧❡ t♦ ❞❡❝✐s✐♦♥ ♠❛❦❡rs✱ ♠❛② ♠❛❦❡ t❤❡ ❞❡❝✐s✐♦♥ ♠❛❦❡rs ✇♦rs❡ ♦✛✳ ❲❡ ❜✉✐❧❞ ❛ ♠♦❞❡❧ ✇❤❡r❡ t❤❡r❡
✐s ♣r♦❞✉❝t ❤❡t❡r♦❣❡♥❡✐t② ❛♥❞ ❞❡❝✐s✐♦♥ ♠❛❦❡rs ❝❛♥ ❝❤♦♦s❡ t♦ s❝r❡❡♥ ♣r♦❞✉❝ts ❛t ❛ ❝♦st✳ ■♥ ❡q✉✐❧✐❜r✐✉♠✱
❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝❤♦✐❝❡ s❡t ❝❛♥ ❧♦✇❡r ❛ ❞❡❝✐s✐♦♥ ♠❛❦❡r✬s ♣❛②♦✛ ❜② r❛✐s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝ts
✇❤✐❝❤✱ ♦♥ ❛✈❡r❛❣❡✱ ❛r❡ ♦❢ ❧♦✇❡r q✉❛❧✐t② t❤❛♥ t❤♦s❡ ✇❤✐❝❤ ✇❡r❡ ❛✈❛✐❧❛❜❧❡ ❡❛r❧✐❡r✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ♣r♦❞✉❝t
❝❛♥ ✐♠♣♦s❡ ❛ ♥❡❣❛t✐✈❡ ❡①t❡r♥❛❧✐t② ♦♥ t❤❡ ❞❡❝✐s✐♦♥ ♠❛❦❡r ❜② ❛❞✈❡rs❡❧② ❛✛❡❝t✐♥❣ t❤❡ st❛t✐st✐❝❛❧ q✉❛❧✐t② ♦❢
✐ts ❡①✐st✐♥❣ ♣r♦❞✉❝t ♣♦♦❧✳ ❲❡ ❞✐s❝✉ss ❛♣♣❧✐❝❛t✐♦♥s t♦ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ❛tt❡♥t✐♦♥ ❝♦♥❣❡st✐♦♥ t❤r♦✉❣❤
❛❞✈❛♥❝❡s ✐♥ ❞✐❣✐t❛❧ t❡❝❤♥♦❧♦❣②✳
✷
❆❝❦♥♦✇❧❡❞❣♠❡♥ts
■ ✇❛♥t t♦ t❤❛♥❦ ♠② ❛❞✈✐s♦r P❛✉❧ ❙❡❛❜r✐❣❤t✱ ✇❤♦ ♦✈❡r t❤❡ ❝♦✉rs❡ ♦❢ ♠② P❤❉ ❤❛s ❜❡❡♥ s♦ ❣❡♥❡r♦✉s
✇✐t❤ ❤✐s t✐♠❡✳ ■t ✇♦✉❧❞ ❜❡ ✐♥ ❤✐s ♦✣❝❡ ✇❤❡r❡ ■ ✇♦✉❧❞ ✜rst ❝♦♠❡ ❛❝r♦ss t❤❡ ♠♦st ♣♦✐♥t❡❞ q✉❡st✐♦♥s
❛❜♦✉t ♠② r❡s❡❛r❝❤ ✇❤✐❝❤ ✇♦✉❧❞ ❛❧❧♦✇ ♠❡ t♦ ❞❡✈❡❧♦♣ ♠② ✇♦r❦ ❢✉rt❤❡r✳ ❍✐s ✉♥❜❡❧✐❡✈❛❜❧❡ ❜r❡❛❞t❤ ♦❢
❦♥♦✇❧❡❞❣❡ ❛❝r♦ss ❞✐✛❡r❡♥t ❛r❡❛s✱ ♠❛❞❡ ♠❡ ❢❡❡❧ ❛ss✉r❡❞ ♦❢ ❣❡tt✐♥❣ ❤✐s ✐♥✈❛❧✉❛❜❧❡ ❛❞✈✐❝❡ ♦♥ ❛♥② t♦♣✐❝ ■
❢♦✉♥❞ ✐♥t❡r❡st✐♥❣✳ ▼♦r❡ ❣❡♥❡r❛❧❧②✱ ✐t ✇❛s ❤✐s ✈❡r② ❜r♦❛❞ ♠✐♥❞❡❞ ❛♣♣r♦❛❝❤ t♦ r❡s❡❛r❝❤ t❤❛t ■ ❤♦♣❡ t♦
❛❧✇❛②s ❦❡❡♣ ✐♥ ♠✐♥❞✳
❏❛❝q✉❡s ❈r❡♠❡r✱ ♠② ❝♦✲❛❞✈✐s♦r✱ ✇❛s ❛❧✇❛②s ❛ ♣✐❧❧❛r ♦❢ s✉♣♣♦rt✳ ❚✐♠❡ s♣❡♥t ✇✐t❤ ❤✐♠ ✇♦✉❧❞ ♠♦st
♦❢t❡♥ ❜❡ ❛❜♦✉t ❛❞❞r❡ss✐♥❣ t❤❡ ♠♦st ❞✐✣❝✉❧t q✉❡st✐♦♥s ✇❤❡t❤❡r ✐t ✇❛s r❡❧❛t❡❞ t♦ r❡s❡❛r❝❤ ♦r ❛❜♦✉t
❞✐✛❡r❡♥t ❝❤♦✐❝❡s ✐♥ ❣❡♥❡r❛❧✳ ❖♥❡ ✇♦✉❧❞ ❛❧✇❛②s s♦♠❡❤♦✇ ❝♦♠❡ ♦✉t ♦❢ ♠❡❡t✐♥❣s ✇✐t❤ ❤✐♠ ❢❡❡❧✐♥❣ ❝❛❧♠
❛♥❞ r❡❧❛①❡❞✳ ❍✐s ❛❞✈✐❝❡ ✇♦✉❧❞ ♦❢t❡♥ ♠❛❦❡ ♠❡ ❧♦♦❦ ❛t t❤❡ ❜✐❣❣❡r r❡s❡❛r❝❤ ♣✐❝t✉r❡ r❛t❤❡r t❤❛♥ ❣❡tt✐♥❣
❧♦st ✐♥ t❤❡ ♥❛rr♦✇❡r ✐ss✉❡s✳
P❛✉❧ ❛♥❞ ❏❛❝q✉❡s✱ t♦❣❡t❤❡r✱ ♣r♦✈✐❞❡❞ ♠❡ t❤❡ s✉♣♣♦rt✱ ❣✉✐❞❛♥❝❡ ❛♥❞ ❡♥❝♦✉r❛❣❡♠❡♥t ✇❤✐❝❤ ■ ❛♠
❥✉st ✈❡r② ❣r❛t❡❢✉❧ ❢♦r✳
■ ❛❧s♦ ✇❛♥t t♦ t❤❛♥❦ P✐♥❛r ❨✐❧❞✐r✐♠✱ ✇❤♦ ■ ✜rst ♠❡t ❛t ❛ ❝♦♥❢❡r❡♥❝❡ ✐♥ ❚♦✉❧♦✉s❡ ✭♦r❣❛♥✐③❡❞ ❜② P❛✉❧
❛♥❞ ❏❛❝q✉❡s✦✮✳ ❍❛✈✐♥❣ ❝♦✲❛✉t❤♦r❡❞ t✇♦ ♦✉t ♦❢ ♠② t❤r❡❡ ♣❛♣❡rs ✇❤✐❝❤ ❛r❡ ♣❛rt ♦❢ t❤✐s ❞✐ss❡rt❛t✐♦♥ ✇✐t❤
P✐♥❛r✱ ♣r♦✈✐❞❡❞ ♠❡ ✇✐t❤ ❛ ❣r❡❛t ❧❡❛r♥✐♥❣ ❡①♣❡r✐❡♥❝❡✳ ❍❡r t✐♣s✱ ❛❞✈✐❝❡ ❛♥❞ ✇♦r❞s ♦❢ ♠♦t✐✈❛t✐♦♥ ❦❡♣t
♠❡ ❣♦✐♥❣✳ ❍❡r s✐♥❣❧❡ ♠✐♥❞❡❞ ❞❡❞✐❝❛t✐♦♥ t♦ r❡s❡❛r❝❤ ✐s s♦♠❡t❤✐♥❣ t❤❛t ❛❧✇❛②s ❧❡❛✈❡s ♠❡ ❛♠❛③❡❞✳
❚❤❡ ♣❛st s✐① ②❡❛rs s♣❡♥t ✐♥ ❚♦✉❧♦✉s❡ ❤❛✈❡ ❜❡❡♥ ❡①tr❡♠❡❧② ❡♥❥♦②❛❜❧❡✳ ❚❤❡ t✐♠❡ s♣❡♥t ✐♥ t❤✐s ❜❡❛✉t✐❢✉❧
❝✐t② ✇♦✉❧❞ ♥♦t ❤❛✈❡ ❜❡❡♥ ❛♥②✇❤❡r❡ ♥❡❛r t❤❡ s❛♠❡ ✇✐t❤♦✉t t❤❡ ♣❡♦♣❧❡ ■ ❤❛✈❡ ♠❡t ❤❡r❡✳ ▼❡❡t✐♥❣ ❛♥❞
s♣❡♥❞✐♥❣ t✐♠❡ ✇✐t❤ ♣❡♦♣❧❡ ❢r♦♠ ❞✐✛❡r❡♥t ♣❛rts ♦❢ t❤❡ ✇♦r❧❞ ❤❛s ❜❡❡♥ ❛ tr✉❧② ❡♥r✐❝❤✐♥❣ ❡①♣❡r✐❡♥❝❡✳ ■
❤❛✈❡ ❜❡❡♥ ❢♦rt✉♥❛t❡ ❡♥♦✉❣❤ t♦ ♠❡❡t ✈❡r② ♥✐❝❡✱ ❤♦♥❡st✱ ❣❡♥✉✐♥❡ ♣❡♦♣❧❡ ❛♥❞ ❢♦r❣❡ ❢r✐❡♥❞s❤✐♣s ✇❤✐❝❤ ■
✈❛❧✉❡ ❛ ❧♦t✳ ■t ✇❛s t❤❡ ❝♦✉♥t❧❡ss ♥✉♠❜❡r ♦❢ ❧✉♥❝❤❡s ❛♥❞ ❞✐♥♥❡rs✱ ✇✐♥❡ ✐♥ t❤❡ ❡✈❡♥✐♥❣ ❛♥❞ ♥✐❣❤t ♦✉ts✱
❣❛t❤❡r✐♥❣s ❜② t❤❡ ●❛r♦♥♥❡✱ ❛♥❞ tr✐♣s ❤❡r❡ ❛♥❞ t❤❡r❡ ✇❤✐❝❤ ❤❛✈❡ ♠❛❞❡ t❤❡ s✐① ②❡❛rs ✇❤❛t t❤❡② ❛r❡✳ ■
❤♦♣❡ t❤✐s ❝♦♥t✐♥✉❡s ✇❤❡♥❡✈❡r ❛♥❞ ✇❤❡r❡✈❡r ✇❡ ♠❡❡t✳
❋✐♥❛❧❧②✱ ■ ✇❛♥t t♦ t❤❛♥❦ ♠② ❢❛♠✐❧② ❢♦r ❛❧✇❛②s ❜❡✐♥❣ t❤❡r❡✳ ❲✐t❤♦✉t t❤❡✐r ❧♦✈❡ ❛♥❞ s✉♣♣♦rt✱ ■ ✇♦✉❧❞
♥♦t ❜❡ t❤❡ ♣❡rs♦♥ ■ ❛♠ t♦❞❛②✳ ■ ❞❡❞✐❝❛t❡ t❤✐s t❤❡s✐s t♦ t❤❡ ♠❡♠♦r② ♦❢ ♠② ◆❛♥❛❥✐✱ ✇❤♦ ♣❛ss❡❞ ❛✇❛② ❛
❢❡✇ ♠♦♥t❤s ❛❣♦✳ ❍❡ ✐s s♦r❡❧② ♠✐ss❡❞✳
✸
❈❤❛♣t❡r ■✿ ❙♦❝✐❛❧ ▼❡❞✐❛ ❛♥❞ P♦❧✐t✐❝❛❧ ❉♦♥❛t✐♦♥s✿ ◆❡✇ ❚❡❝❤♥♦❧♦❣②
❛♥❞ ■♥❝✉♠❜❡♥❝② ❆❞✈❛♥t❛❣❡ ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s
✇✐t❤ ▼❛r✐❛ P❡tr♦✈❛∗✱ P✐♥❛r ❨✐❧❞✐r✐♠ †
✶ ■♥tr♦❞✉❝t✐♦♥
■♥ ❛ ❞❡♠♦❝r❛t✐❝ s♦❝✐❡t②✱ ❡❧❡❝t♦r❛❧ ❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ❧♦✇ ❜❛rr✐❡rs t♦ ❡♥tr② ✐♥t♦ ♣♦❧✐t✐❝s ♣r♦♠♦t❡ ❣♦♦❞ ♣♦❧✐❝✐❡s
❛♥❞ r❡❞✉❝❡ ❝♦rr✉♣t✐♦♥ ✭❡✳❣✳✱ ▼②❡rs♦♥✱ ✶✾✾✸❀ P❡rss♦♥ ❡t ❛❧✳✱ ✷✵✵✸❀ ❇❡s❧❡② ❡t ❛❧✳✱ ✷✵✶✵❀ ❋❡rr❛③ ❛♥❞ ❋✐♥❛♥✱ ✷✵✶✶❀
●❛❧❛ss♦ ❛♥❞ ◆❛♥♥✐❝✐♥✐✱ ✷✵✶✶✮✳ ▲♦✇ ♣♦❧✐t✐❝❛❧ ❝♦♠♣❡t✐t✐♦♥ ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞ ✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡ ♦❢t❡♥
❡♠❡r❣❡ ❜❡❝❛✉s❡ ♣♦t❡♥t✐❛❧ ❝❤❛❧❧❡♥❣❡rs ❞♦♥✬t ❤❛✈❡ ❡♥♦✉❣❤ ♦♣♣♦rt✉♥✐t✐❡s t♦ ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ ✈♦t❡rs✱ ✇❤✐❝❤
❧✐♠✐ts ❢✉♥❞✲r❛✐s✐♥❣ ❛❝t✐✈✐t✐❡s ❛s ✇❡❧❧ ❛s ❛✇❛r❡♥❡ss ❛❜♦✉t t❤❡✐r ❝❛♥❞✐❞❛❝② ❛♥❞ ♣♦❧✐❝② ♣♦s✐t✐♦♥s ✭❆♥s♦❧❛❜❡❤❡r❡
❛♥❞ ❙♥②❞❡r ❏r✱ ✷✵✵✵❀ Pr❛t✱ ✷✵✵✷❀ ❙trö♠❜❡r❣✱ ✷✵✵✹❀ Pr✐♦r✱ ✷✵✵✻✮✳ ❚❤❡ ♣❡rs✐st❡♥t ❛❞✈❛♥t❛❣❡ ❡♥❥♦②❡❞ ❜②
❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✐s ✇❡❧❧ ❞♦❝✉♠❡♥t❡❞ ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✳ ■♥❝✉♠❜❡♥ts ❛r❡ r❡♣♦rt❡❞ t♦ ❛❝❤✐❡✈❡ r❡✲
❡❧❡❝t✐♦♥ r❛t❡s ♦❢ ❛r♦✉♥❞ ✾✵✪ ✭▲❡✈✐tt ❛♥❞ ❲♦❧❢r❛♠✱ ✶✾✾✼✮✳ ❚❤❡② ❛❧s♦ r❡❝❡✐✈❡ ❤✐❣❤❡r ❧❡✈❡❧s ♦❢ ♠❡❞✐❛ ❝♦✈❡r❛❣❡
❛♥❞ ❡♥❞♦rs❡♠❡♥ts✱ ❝r❡❛t✐♥❣ ❜❛rr✐❡rs t♦ ❡♥tr② ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✳ ◆❡✇ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧s s✉❝❤ ❛s
❚✇✐tt❡r ❛❧❧♦✇ ♣♦❧✐t✐❝✐❛♥s t♦ ❛❝❝❡ss ❛♥ ❛❧t❡r♥❛t❡✱ r❡❧❛t✐✈❡❧② ❝♦st✲❡✛❡❝t✐✈❡ ❝❤❛♥♥❡❧ t♦ ✐♥❢♦r♠ ✈♦t❡rs ❛❜♦✉t t❤❡✐r
♣♦❧✐❝✐❡s ❛♥❞ r❛✐s❡ ❝❛♠♣❛✐❣♥ ❢✉♥❞s✱ ♣♦t❡♥t✐❛❧❧② r❡❞✉❝✐♥❣ t❤❡ ✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡ ✐♥ ❡❧❡❝t♦r❛❧ r❛❝❡s✳ ❲❤❡t❤❡r
✉s✐♥❣ ❚✇✐tt❡r ❛❝t✉❛❧❧② ❤❡❧♣s t♦ ✐♥❢♦r♠ ✈♦t❡rs ❛♥❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ❛♠♦✉♥t ♦❢ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ✐s
❛♥ ♦♣❡♥ q✉❡st✐♦♥✳
■♥ t❤✐s ♣❛♣❡r✱ ✇❡ st✉❞② t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ♣♦❧✐t✐❝✐❛♥s✬ ❛❞♦♣t✐♦♥ ♦❢ ❛ ♥❡✇ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❡❝❤♥♦❧♦❣②✱
♥❛♠❡❧②✱ ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t✱ ♦♥ t❤❡ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s r❡❝❡✐✈❡❞ ✇❤✐❧❡ r✉♥♥✐♥❣ ❢♦r t❤❡ ❯✳❙✳
❈♦♥❣r❡ss✳ ❲❡ ❡✈❛❧✉❛t❡ ✐❢ ❛❞♦♣t✐♥❣ ❚✇✐tt❡r ❤❡❧♣s ♣♦❧✐t✐❝✐❛♥s t♦ ✐♥❢♦r♠ ✈♦t❡rs ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ ✜♥❛♥❝✐❛❧
s✉♣♣♦rt r❡❝❡✐✈❡❞ ❢r♦♠ t❤❡♠✳ P✉t ❞✐✛❡r❡♥t❧②✱ ✇❡ t❡st ✐❢ t❤❡ ❝♦♥tr✐❜✉t✐♦♥s ♣♦❧✐t✐❝✐❛♥s r❡❝❡✐✈❡ ❢r♦♠ ✐♥❞✐✈✐❞✉❛❧
❞♦♥♦rs ❝❤❛♥❣❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❥♦✐♥✐♥❣ ❚✇✐tt❡r✱ ❝♦♠♣❛r✐♥❣ r❡❣✐♦♥s ✇✐t❤ ❧♦✇ ❛♥❞ ❤✐❣❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✳
❲❡ ✉s❡ ❞❛t❛ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ✶✽✶✹ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ♦♣❡♥❡❞ ❛ ♣❡rs♦♥❛❧ ❚✇✐tt❡r ❛❝❝♦✉♥t ❜❡t✇❡❡♥ ✷✵✵✾ ❛♥❞ ✷✵✶✹✱
t❤❡✐r ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ❋❡❞❡r❛❧ ❊❧❡❝t✐♦♥ ❈♦♠♠✐ss✐♦♥ ✭❋❊❈✮✱ ❛♥❞ ❤♦✇ ❚✇✐tt❡r ✉s❡ ❝♦♠♣❛r❡s t♦
♦t❤❡r s✐t❡s ✐♥ t❤❡ ♣♦❧✐t✐❝✐❛♥✬s r❡❣✐♦♥ ✭✐✳❡✳✱ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✮ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❝♦♠❙❝♦r❡ ♦♥❧✐♥❡ ❜r♦✇s✐♥❣
♣❛♥❡❧✳
■❞❡♥t✐❢②✐♥❣ t❤❡ ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢ ❚✇✐tt❡r ♦♥ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s ✐s ♥♦t tr✐✈✐❛❧✱ ♠❛✐♥❧② ❜❡❝❛✉s❡ t❤❡r❡ ❝❛♥ ❜❡ ❛
❤♦st ♦❢ ❝♦rr❡❧❛t❡❞ ✉♥♦❜s❡r✈❛❜❧❡s ✇❤✐❝❤ ✐♥✢✉❡♥❝❡ ❜♦t❤ t❤❡ ♣♦❧✐t✐❝✐❛♥✬s ❞❡❝✐s✐♦♥ t♦ ❥♦✐♥ ❚✇✐tt❡r ❛♥❞ t❤❡ ❛♠♦✉♥t
∗■❈❘❊❆ ❘❡s❡❛r❝❤ Pr♦❢❡ss♦r ♦❢ ❊❝♦♥♦♠✐❝s✱ ❇❛r❝❡❧♦♥❛ ■P❊●✱ ❯♥✐✈❡rs✐t❛t P♦♠♣❡✉ ❋❛❜r❛✱ ❇❛r❝❡❧♦♥❛ ●❙❊✱ ◆❡✇ ❊❝♦♥♦♠✐❝
❙❝❤♦♦❧✱ ♠❛r✐❛✳♣❡tr♦✈❛❅✉♣❢✳❡❞✉
†❆ss✐st❛♥t Pr♦❢❡ss♦r ♦❢ ▼❛r❦❡t✐♥❣✱ ❚❤❡ ❲❤❛rt♦♥ ❙❝❤♦♦❧✱ ❯♥✐✈❡rs✐t② ♦❢ P❡♥♥s②❧✈❛♥✐❛✱ ❡✲♠❛✐❧✿ ♣②✐❧❞❅✇❤❛rt♦♥✳✉♣❡♥♥✳❡❞✉✳
✶
♦❢ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s r❛✐s❡❞✳ ❖✉r ❡st✐♠❛t✐♦♥ ✉s❡s ❛ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s str❛t❡❣② t♦ ❝♦♠♣❛r❡ ❞♦♥❛t✐♦♥s
❛ ♣♦❧✐t✐❝✐❛♥ r❡❝❡✐✈❡❞ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❥♦✐♥✐♥❣ ❚✇✐tt❡r✱ ✐♥ st❛t❡s ✇✐t❤ ❧♦✇ ❛♥❞ ❤✐❣❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✳
❲❡ r❡❧② ♦♥ ♣r❡❝✐s❡ t✐♠✐♥❣ ✐♥ ♦✉r ❡st✐♠❛t✐♦♥ ❛♥❞ ❝♦♥tr♦❧ ❢♦r ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts t♦ ❛❝❝♦✉♥t ❢♦r
♣♦❧✐t✐❝✐❛♥✲s♣❡❝✐✜❝ ✉♥♦❜s❡r✈❡❞ ❝❤❛r❛❝t❡r✐st✐❝s✱ s✉❝❤ ❛s ❜❡✐♥❣ ♠♦r❡ ♣r♦❣r❡ss✐✈❡✲♠✐♥❞❡❞✱ ♠♦r❡ t❡❝❤✲s❛✈✈②✱ ❛♥❞✱
✐♥ ♣❛rt✐❝✉❧❛r✱ ❜❡✐♥❣ ❛t ❛ ❞✐✛❡r❡♥t st❛❣❡ ♦❢ ❝❛♠♣❛✐❣♥✐♥❣✳ ❖✉r ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥ ✐s t❤❛t t❤❡ ❞✐✛❡r❡♥❝❡s
❜❡t✇❡❡♥ ❝♦♥tr✐❜✉t✐♦♥ ✢♦✇s✱ ✉♥❡①♣❧❛✐♥❡❞ ❜② ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❝❤❛r❛❝t❡r✐st✐❝s✱ ✇♦✉❧❞ ❜❡ t❤❡ s❛♠❡ ✐♥ t❤❡
❛❜s❡♥❝❡ ♦❢ ❚✇✐tt❡r ❡♥tr② ✐♥ st❛t❡s ✇❤❡r❡ ❚✇✐tt❡r ❤❛s ❧♦✇ ❛♥❞ ❤✐❣❤ ♣❡♥❡tr❛t✐♦♥✳ P✉t ❞✐✛❡r❡♥t❧②✱ ✇❡ r❡❧② ♦♥ ❛
♣❛r❛❧❧❡❧ tr❡♥❞s ❛ss✉♠♣t✐♦♥✱ ❜✉t ✇❡ ❞♦ ♥♦t ♥❡❡❞ t♦ ❛ss✉♠❡ t❤❛t ♣♦❧✐t✐❝✐❛♥s✬ ❞❡❝✐s✐♦♥ t♦ ❥♦✐♥ ❚✇✐tt❡r ✐s r❛♥❞♦♠
♦r ❡①♦❣❡♥♦✉s t♦ t❤❡✐r ❢✉♥❞✲r❛✐s✐♥❣ ❛❝t✐✈✐t✐❡s✳
❚❤❡ ✜♥❞✐♥❣s ❢r♦♠ ♦✉r ❛♥❛❧②s✐s s✉❣❣❡st t❤❛t ❛❞♦♣t✐♥❣ ❚✇✐tt❡r ❤❡❧♣s ♣♦❧✐t✐❝✐❛♥s t♦ r❡❝❡✐✈❡ ♠♦r❡ ❝♦♥tr✐❜✉✲
t✐♦♥s✳ ❲❡❡❦❧② ❛❣❣r❡❣❛t❡ ❝♦♥tr✐❜✉t✐♦♥s ✐♥❝r❡❛s❡ ❛❢t❡r ❛ ♣♦❧✐t✐❝✐❛♥ ♦♣❡♥s ❛♥ ❛❝❝♦✉♥t ❛♥❞ st❛rts ❜❧♦❣❣✐♥❣ ♦♥
❚✇✐tt❡r✳ ❍♦✇❡✈❡r✱ t❤✐s ❣❛✐♥ ❤♦❧❞s ♦♥❧② ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❤❛✈❡ ♥❡✈❡r ❜❡❡♥ ❡❧❡❝t❡❞ t♦ ❈♦♥❣r❡ss ❜❡❢♦r❡✱
❛♥❞ ♥♦t ❢♦r t❤❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s✳ ❚❤❡ ❛❣❣r❡❣❛t❡ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s ♦❢ ❛♥ ❛✈❡r❛❣❡ ♥❡✇ ♣♦❧✐t✐❝✐❛♥ ✐♥❝r❡❛s❡
❜② ❛t ❧❡❛st ✩✺✱✼✼✸✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ✷✳✸✪ ♦❢ ❛❧❧ ❞♦♥❛t✐♦♥s ✉♥❞❡r ✩✸✵✵✵ r❛✐s❡❞ ❞✉r✐♥❣ t❤❡ ❝❛♠♣❛✐❣♥✳
❆ss♦❝✐❛t❡❞ ♣❡rs✉❛s✐♦♥ r❛t❡ ✐s ❝❧♦s❡ t♦ ✶✪✱ ✇❤✐❝❤ ✐s ❧❡ss t❤❛♥ t❤❡ ❡st✐♠❛t❡❞ ✐♠♣❛❝t ♦❢ ♠❛ss ♠❡❞✐❛ ❢♦✉♥❞ ✐♥
t❤❡ ❧✐t❡r❛t✉r❡ ✭❉❡❧❧❛❱✐❣♥❛ ❛♥❞ ●❡♥t③❦♦✇ ✷✵✶✵✮✱ ❜✉t ✐s ❝❧♦s❡ t♦ ♣❡rs✉❛s✐♦♥ r❛t❡s ♦❢ ❞✐r❡❝t ♠❛✐❧✐♥❣ ✭●❡r❜❡r
❛♥❞ ●r❡❡♥✱ ✷✵✵✵✮ ♦r ♣♦❧✐t✐❝❛❧ ❛❞✈❡rt✐s✐♥❣ ✭❙♣❡♥❦✉❝❤ ❛♥❞ ❚♦♥✐❛tt✐ ✷✵✶✻✮✳ ❚❤❡ ✐♥❝r❡❛s❡ ✐♥ ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s
❝♦♠❡ ♠♦st❧② ❢r♦♠ ♥❡✇ ❞♦♥♦rs ✭✐✳❡✳✱ t❤♦s❡ ✇❤♦ ♥❡✈❡r ❞♦♥❛t❡❞ t♦ t❤✐s ♣♦❧✐t✐❝✐❛♥ ❜❡❢♦r❡✮ ❛♥❞ ♥♦t ❢r♦♠ r❡♣❡❛t
❞♦♥♦rs✳ ❚❤✐s s✉❣❣❡sts t❤❛t ♣♦❧✐t✐❝✐❛♥s ♠❛② ✐♥❝r❡❛s❡ ❛✇❛r❡♥❡ss ❛❜♦✉t t❤❡♠s❡❧✈❡s ❛♥❞ t❤❡✐r ♣♦❧✐❝✐❡s ✈✐❛ ❚✇✐tt❡r
❛♥❞ ❣❛✐♥ s✉♣♣♦rt ❢r♦♠ t❤♦s❡ ✇❤♦ ❞✐❞ ♥♦t s✉♣♣♦rt t❤❡♠ ❜❡❢♦r❡✳ ❆♥ ❛♥❛❧②s✐s ♦❢ t❤❡ ❚✇❡❡t ❝♦♥t❡♥t s✉❣❣❡sts
t❤❛t t❤❡ ❡✛❡❝t ✐s str♦♥❣❡r ❢♦r ♣♦❧✐t✐❝✐❛♥s ✇❤♦ t✇❡❡t ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡❧②✳ ❆❞❞✐t✐♦♥❛❧ t❡sts ❞❡♠♦♥str❛t❡ t❤❛t
t❤❡ ❣❛✐♥s ❢r♦♠ ❚✇✐tt❡r ❛r❡ ❤✐❣❤❡r ❢♦r t❤❡ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❝♦♠❡ ❢r♦♠ ❧♦✇ ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥ ❛r❡❛s✳ ❖✈❡r✲
❛❧❧✱ t❤❡s❡ ✜♥❞✐♥❣s s✉❣❣❡st t❤❛t ♣♦❧✐t✐❝❛❧ ❝♦♥tr✐❜✉t✐♦♥s r❡s♣♦♥❞ t♦ ♣♦❧✐t✐❝✐❛♥s✬ ❛❞♦♣t✐♦♥ ♦❢ ❚✇✐tt❡r✱ ❛♥❞ ♥❡✇
✐♥❢♦r♠❛t✐♦♥ ✐s ❛ ❧✐❦❡❧② ❝❤❛♥♥❡❧ ❢♦r t❤❛t✳ ❆ ❜r♦❛❞❡r ✐♠♣❧✐❝❛t✐♦♥ ♦❢ ♦✉r st✉❞② ✐s t❤❛t ❛❞♦♣t✐♦♥ ♦❢ ❚✇✐tt❡r ♠❛②
r❡❞✉❝❡ t❤❡ ❣❛♣ ✐♥ ❢✉♥❞✲r❛✐s✐♥❣ ♦♣♣♦rt✉♥✐t✐❡s ❜❡t✇❡❡♥ ♥❡✇ ❛♥❞ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s✱ ✇❤✐❝❤✱ ✐♥ t✉r♥✱ ❤❡❧♣s
t♦ ❧♦✇❡r t❤❡ ❜❛rr✐❡rs t♦ ❡♥tr② t♦ ♥❛t✐♦♥❛❧ ♣♦❧✐t✐❝s✳
❲❡ ✉s❡ ❛ ♥✉♠❜❡r ♦❢ ♣❧❛❝❡❜♦ t❡sts t♦ ❡♥s✉r❡ t❤❛t ♦✉r ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥ ✐s ♣❧❛✉s✐❜❧❡✳ ❋✐rst✱ ✇❡
s❤♦✇ t❤❛t t❤❡r❡ ✐s ♥♦ ❞✐s❝♦♥t✐♥✉♦✉s ✐♥❝r❡❛s❡ ✐♥ ❝❛♠♣❛✐❣♥ s♣❡♥❞✐♥❣ ❛r♦✉♥❞ t❤❡ t✐♠❡ ♦❢ ❚✇✐tt❡r ❡♥tr②✱ ❛❝r♦ss
❤✐❣❤ ❛♥❞ ❧♦✇ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ❛r❡❛s✱ ❞❡s♣✐t❡ t❤❡ ❢❛❝t t❤❛t ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s ❛r❡ ❝❧♦s❡❧② r❡❧❛t❡❞ t♦
❝❛♠♣❛✐❣♥ s♣❡♥❞✐♥❣ ✐♥ ❛ ❣✐✈❡♥ ✇❡❡❦✳ ❙❡❝♦♥❞✱ t♦ ❝♦♥tr♦❧ ❢♦r ♣♦ss✐❜❧❡ ❡①♦❣❡♥♦✉s ❡✈❡♥ts ✇❤✐❝❤ ♠❛② ❝♦✐♥❝✐❞❡
✇✐t❤ ❚✇✐tt❡r ❡♥tr② ❛♥❞ ❛ ❞✐s❝♦♥t✐♥✉✐t② ✐♥ ❢✉♥❞s r❛✐s❡❞✱ ✇❡ s❤♦✇ t❤❛t t❤❡ ♠❡❞✐❛ ❛♥❞ ❜❧♦❣ ❝♦✈❡r❛❣❡ ♦❢ t❤❡
♣♦❧✐t✐❝✐❛♥s ❞♦❡s ♥♦t s❤♦✇ ❛ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡ ❛r♦✉♥❞ t❤❡ t✐♠❡ ♦❢ ❚✇✐tt❡r ❡♥tr②✱ ❛❣❛✐♥ t❤❛t t❤❡r❡ ❛r❡ ♥♦
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❤✐❣❤ ❛♥❞ ❧♦✇ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ❛r❡❛s✳ ❚❤✐r❞✱ ✇❡ s❤♦✇ t❤❛t ❚✇✐tt❡r ❡♥tr② ❞♦❡s ♥♦t
❝♦✐♥❝✐❞❡ ✇✐t❤ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ♣♦❧✐t✐❝❛❧ ❛❞✈❡rt✐s✐♥❣ s❤♦✇♥ ♦♥ ❚❱✳ ❋✐♥❛❧❧②✱ ✇❡ ❝❤❡❝❦ t❤❛t ❚✇✐tt❡r ❡♥tr② ❞♦❡s
♥♦t ❞✐✛❡r❡♥t✐❛❧❧② ❛✛❡❝t ❝♦♥tr✐❜✉t✐♦♥ ♣❛tt❡r♥s ✐♥ st❛t❡s ✇✐t❤ ❞✐✛❡r❡♥t ✐♥❝♦♠❡✱ ❡❞✉❝❛t✐♦♥✱ ♣♦❧✐t✐❝❛❧ ♣r❡❢❡r❡♥❝❡s✱
❛♥❞ r❛❝✐❛❧ ❝♦♠♣♦s✐t✐♦♥✱ t❤❡r❡❢♦r❡ ✐t ✐s ✉♥❧✐❦❡❧② t❤❛t ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✐s ❥✉st ❛ ♣r♦①② ❢♦r ♦♥❡ ♦❢ t❤♦s❡
✈❛r✐❛❜❧❡s✳ ❖✈❡r❛❧❧✱ ✇❤✐❧❡ ✇❡ ❝❛♥♥♦t t❡st t❤❡ ♣❛r❛❧❧❡❧ tr❡♥❞s ❛ss✉♠♣t✐♦♥ ❞✐r❡❝t❧②✱ t❤❡ r❡s✉❧ts ✐♥ ❛❧❧ ♦✉r ♣❧❛❝❡❜♦
s♣❡❝✐✜❝❛t✐♦♥s ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ✐t✳
❖✉r st✉❞② ❝♦♥tr✐❜✉t❡s t♦ s❡✈❡r❛❧ str❡❛♠s ♦❢ ❧✐t❡r❛t✉r❡✳ ❋✐rst✱ ♦✉r ♣❛♣❡r ❤✐❣❤❧✐❣❤t✐♥❣ ❤♦✇ t❤❡ ❛❞✈❡♥t ♦❢
✷
s♦❝✐❛❧ ♠❡❞✐❛ ✐♥ ❣❡♥❡r❛❧✱ ❛♥❞ ❚✇✐tt❡r ✐♥ ♣❛rt✐❝✉❧❛r✱ ❝❛♥ ♣♦t❡♥t✐❛❧❧② ✐♥t❡♥s✐❢② ♣♦❧✐t✐❝❛❧ ❝♦♠♣❡t✐t✐♦♥ ❜② ✐♠♣r♦✈✐♥❣
♦♣♣♦rt✉♥✐t✐❡s ❢♦r ♥❡✇ ❝❛♥❞✐❞❛t❡s t♦ r❛✐s❡ ❢✉♥❞s ❛♥❞ ✐♥❢♦r♠ ✈♦t❡rs ✐♥ ❛ ❝♦st✲❡✛❡❝t✐✈❡ ❢❛s❤✐♦♥✳ ❲❡✱ t❤❡r❡❢♦r❡✱
❝♦♠♣❧❡♠❡♥t t❤❡ ❧✐t❡r❛t✉r❡ ✇❤✐❝❤ ❞♦❝✉♠❡♥ts t❤❡ ♣♦s✐t✐✈❡ ✐♠♣❛❝t ♦❢ ♣♦❧✐t✐❝❛❧ ❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ❧♦✇❡r✐♥❣ ❜❛rr✐❡rs
❢♦r ❡♥t❡r✐♥❣ ♣♦❧✐t✐❝s ♦♥ ❣♦♦❞ ❣♦✈❡r♥❛♥❝❡ ❛♥❞ ✇❡❧❢❛r❡ ✭▼②❡rs♦♥✱ ✶✾✾✸❀ P❡rss♦♥ ❡t ❛❧✳✱ ✷✵✵✸❀ ❇❡s❧❡② ❡t ❛❧✳✱ ✷✵✶✵❀
❋❡rr❛③ ❛♥❞ ❋✐♥❛♥✱ ✷✵✶✶❀ ●❛❧❛ss♦ ❛♥❞ ◆❛♥♥✐❝✐♥✐✱ ✷✵✶✶✮✳ ❇❡s❧❡② ❡t ❛❧✳ ✭✷✵✶✵✮ s❤♦✇ t❤❛t ❧♦✇ ♣♦❧✐t✐❝❛❧ ❝♦♠♣❡t✐t✐♦♥
❧❡❛❞s t♦ ❧♦✇ ❡❝♦♥♦♠✐❝ ❣r♦✇t❤✱ ✇❤✐❧❡ ●❛❧❛ss♦ ❛♥❞ ◆❛♥♥✐❝✐♥✐ ✭✷✵✶✶✮ s❤♦✇ t❤❛t ❡❧❡❝t♦r❛❧ ❝♦♠♣❡t✐t✐♦♥ ✐s ❣♦♦❞
❢♦r ♣♦❧✐t✐❝❛❧ s❡❧❡❝t✐♦♥✳ ❈❧♦s❡❧② r❡❧❛t❡❞✱ ❆♥s♦❧❛❜❡❤❡r❡ ❛♥❞ ❙♥②❞❡r ❏r ✭✷✵✵✵✮✱ ❛s ✇❡❧❧ ❛s Pr❛t ✭✷✵✵✷✮ ❛♥❞ Pr✐♦r
✭✷✵✵✻✮✱ st✉❞② ❞✐✛❡r❡♥t s♦✉r❝❡s ♦❢ ✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡✱ ❧✐st✐♥❣ t❤❡ ❧❛❝❦ ♦❢ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ✈♦t❡rs ❛❜♦✉t t❤❡
♥❡✇ ❝❛♥❞✐❞❛t❡s ❛♥❞ ❧❛❝❦ ♦❢ ❢✉♥❞✐♥❣ ♦♣♣♦rt✉♥✐t✐❡s✳
◆❡①t✱ ✇❡ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❧✐t❡r❛t✉r❡ t❤❛t st✉❞✐❡s t❤❡ r♦❧❡ ♦❢ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s ✐♥ ♣♦❧✐t✐❝❛❧ ♣r♦❝❡ss❡s✳
●r♦ss♠❛♥ ❛♥❞ ❍❡❧♣♠❛♥ ✭✶✾✾✻✱ ✷✵✵✶✮ ❛r❣✉❡ t❤❛t ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s ❛❧❧♦✇ s♣❡❝✐❛❧ ✐♥t❡r❡st ❣r♦✉♣s t♦
✐♥✢✉❡♥❝❡ ♣♦❧✐❝② ♦✉t❝♦♠❡s✳ ❙✐♠✐❧❛r❧②✱ t❤❡♦r❡t✐❝❛❧ ❧✐t❡r❛t✉r❡ ♦♥ ❝❛♠♣❛✐❣♥ ✜♥❛♥❝❡ r❡❣✉❧❛t✐♦♥ ❛♥❞ ❝❛♠♣❛✐❣♥
❝♦♥tr✐❜✉t✐♦♥ ❧✐♠✐ts ✐s ♣r✐♠❛r✐❧② ❢♦❝✉s❡❞ ♦♥ ✐♥str✉♠❡♥t❛❧ ♠♦t✐✈❛t✐♦♥ ❢♦r ❝♦♥tr✐❜✉t✐♦♥s ✭Pr❛t✱ ✷✵✵✷❀ ❈♦❛t❡✱
✷✵✵✹❀ ❆s❤✇♦rt❤✱ ✷✵✵✻❀ ❉r❛③❡♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ❈♦tt♦♥✱ ✷✵✵✾✱ ✷✵✶✷❀ ❈❤❛♠♦♥ ❛♥❞ ❑❛♣❧❛♥✱ ✷✵✶✸✮✳ ■♥ ❛❧❧ t❤❡s❡
♠♦❞❡❧s✱ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥ ❧✐♠✐ts ❤❛✈❡ ❞✐✛❡r❡♥t ✐♠♣❧✐❝❛t✐♦♥s ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤❡t❤❡r ❛❞✈❡rt✐s✐♥❣ s♣❡♥❞✐♥❣
r❡✈❡❛❧ s♦♠❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ t②♣❡s ♦❢ ♣♦❧✐t✐❝✐❛♥s ✭Pr❛t✱ ✷✵✵✷❀ ❈♦❛t❡✱ ✷✵✵✹❀ ❈♦tt♦♥✱ ✷✵✶✷✮ ♦r ❡♥❤❛♥❝❡
✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡ ✭❆s❤✇♦rt❤✱ ✷✵✵✻✮✳ Pr❛t ❡t ❛❧✳ ✭✷✵✶✵✮ ❡st✐♠❛t❡ ✐♥❢♦r♠❛t✐♦♥ ❜❡♥❡✜ts ❢r♦♠ ♣r✐✈❛t❡
❝❛♠♣❛✐❣♥ ❛❞✈❡rt✐s✐♥❣ ❛♥❞ ✜♥❞ t❤❛t t❤❡② ❛r❡ s♠❛❧❧✳ ❖✉r ♣❛♣❡r ❝♦♥tr✐❜✉t❡s t♦ t❤✐s ❧✐t❡r❛t✉r❡ ❜② ❤✐❣❤❧✐❣❤t✐♥❣
t❤❛t ❛❝t✐✈✐t② ♦♥ s♦❝✐❛❧ ♠❡❞✐❛ ❝❛♥ ❛❝t✉❛❧❧② r❛✐s❡ ❞♦♥❛t✐♦♥s ❢♦r ✐♥❡①♣❡r✐❡♥❝❡❞ ❝❛♥❞✐❞❛t❡s ❜② ♣r♦✈✐❞✐♥❣ ♥❡✇
✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♣♦❧✐t✐❝✐❛♥s✳
❲❡ ❛❧s♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❡♠❡r❣✐♥❣ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ ✐♠♣❛❝t ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ♦♥ ✈❛r✐♦✉s s♦❝✐♦❡❝♦♥♦♠✐❝
♦✉t❝♦♠❡s✳ ●♦♥❣ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛♥❞ ❙❡✐❧❡r ❡t ❛❧✳ ✭✷✵✶✻✮ st✉❞② t❤❡ ✐♠♣❛❝t ♦❢ ❛❞✈❡rt✐s✐♥❣ ♦❢ ❚❱ ❝♦♥t❡♥t ✐♥
❈❤✐♥❡s❡ ♠✐❝r♦ ❜❧♦❣s ♦♥ s✉❜s❡q✉❡♥t ❚❱ s❡r✐❡s ✈✐❡✇❡rs❤✐♣✳ ❊♥✐❦♦❧♦♣♦✈✱ P❡tr♦✈❛✱ ❛♥❞ ❙♦♥✐♥ ✭✷✵✶✻✮ st✉❞② t❤❡
✐♠♣❛❝t ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ♦♥ ❝♦r♣♦r❛t❡ ❛❝❝♦✉♥t❛❜✐❧✐t②✳ ❆❝❡♠♦❣❧✉ ❡t ❛❧✳ ✭✷✵✶✹✮ ❛♥❞ ❊♥✐❦♦❧♦♣♦✈ ❡t ❛❧✳ ✭✷✵✶✻✮
❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ❝♦♥t❡♥t ❛♥❞ ♣❡♥❡tr❛t✐♦♥ ♦♥ s✉❜s❡q✉❡♥t ♣r♦t❡st ♣❛rt✐❝✐♣❛t✐♦♥✳ ◗✐♥ ❡t ❛❧✳
✭✷✵✶✻✮ st✉❞② t❤❡ ❝♦♥t❡♥t ❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ✐♥ ❈❤✐♥❛ ❢♦r ❝♦❧❧❡❝t✐✈❡ ❛❝t✐♦♥ ♦✉t❝♦♠❡s✱ ✇❤✐❧❡ ◗✐♥
✭✷✵✶✸✮ ❧♦♦❦ ❛t t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❛ ❈❤✐♥❡s❡ ♠✐❝r♦❜❧♦❣ ♣❡♥❡tr❛t✐♦♥ ♦♥ ❞r✉❣ q✉❛❧✐t②✳ ■♥ ❝♦♥tr❛st t♦ t❤✐s
❧✐t❡r❛t✉r❡✱ ✇❡ ❢♦❝✉s ♦✉r ✐♥✈❡st✐❣❛t✐♦♥ ♦♥ t❤❡ str❛t❡❣✐❝ ❜❡♥❡✜t ♦❢ ❡♥tr② ✐♥t♦ ❛♥ ♦♥❧✐♥❡ s♦❝✐❛❧ ♥❡t✇♦r❦ ❢♦r t❤❡
♣♦❧✐t✐❝✐❛♥s✱ q✉❛♥t✐❢②✐♥❣ t❤❡✐r ✜♥❛♥❝✐❛❧ ❣❛✐♥✱ ❛♥❞ ✐♥✈❡st✐❣❛t✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ❜❡❤✐♥❞ t❤❡ ✐♠♣❛❝t ♦❢
t❤✐s ❡♥tr② ✐♥ ❞❡t❛✐❧✳
▲❛st❧②✱ ♦✉r ♣❛♣❡r ✐s ❛❧s♦ r❡❧❛t❡❞ t♦ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ ✐♠♣❛❝t ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❡❝❤♥♦❧♦❣✐❡s
✭■❈❚s✮ ❛♥❞ tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ♦♥ ♣♦❧✐t✐❝❛❧ ♣r❡❢❡r❡♥❝❡s ❛♥❞ ♣♦❧✐❝② ♦✉t❝♦♠❡s✳ ❘❡❝❡♥t ♣❛♣❡rs ❤❛✈❡ s❤♦✇♥ t❤❛t
tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ❤❛s ❛♥ ✐♠♣❛❝t ♦♥ ✈♦t✐♥❣ ❜❡❤❛✈✐♦r ✭❉❡❧❧❛❱✐❣♥❛ ❛♥❞ ❑❛♣❧❛♥✱ ✷✵✵✼❀ ❊♥✐❦♦❧♦♣♦✈ ❡t ❛❧✳✱ ✷✵✶✶❀
●❡♥t③❦♦✇ ❡t ❛❧✳✱ ✷✵✶✶❀ ❈❤✐❛♥❣ ❛♥❞ ❑♥✐❣❤t✱ ✷✵✶✶❀ ●❡♥t③❦♦✇ ❡t ❛❧✳✱ ✷✵✶✹✮✱ ✈✐♦❧❡♥❝❡ ❛♥❞ ❡t❤♥✐❝ t❡♥s✐♦♥s ✭❆❞❡♥❛
❡t ❛❧✳✱ ✷✵✶✹❀ ❱✐❣♥❛ ❡t ❛❧✳✱ ✷✵✶✹❀ ❨❛♥❛❣✐③❛✇❛✲❉r♦tt✱ ✷✵✶✹✮✱ ✇♦♠❡♥✬s st❛t✉s ❛♥❞ ❢❡rt✐❧✐t② ✭❏❡♥s❡♥ ❛♥❞ ❖st❡r✱
✷✵✵✾❀ ▲❛ ❋❡rr❛r❛ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ♦r ♣♦❧✐❝② ♦✉t❝♦♠❡s ✭❙trö♠❜❡r❣✱ ✷✵✵✹❀ ❊✐s❡♥s❡❡ ❛♥❞ ❙trö♠❜❡r❣✱ ✷✵✵✼❀ ❙♥②❞❡r ❏r
❛♥❞ ❙trö♠❜❡r❣✱ ✷✵✶✵✮✳ ❲❡ ❝♦♠♣❧❡♠❡♥t t❤✐s str❡❛♠ ♦❢ t❤❡ ❧✐t❡r❛t✉r❡ ❜② ❤✐❣❤❧✐❣❤t✐♥❣ ❛ ♠❡❝❤❛♥✐s♠ t❤r♦✉❣❤
✇❤✐❝❤ ♠❡❞✐❛ ❝♦✉❧❞ ✐♥✢✉❡♥❝❡ ♣♦❧✐t✐❝❛❧ ♦✉t❝♦♠❡s✲❜② ♣r♦✈✐❞✐♥❣ ❛♥ ❡✣❝✐❡♥t ❝❤❛♥♥❡❧ t♦ r❛✐s❡ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s✳
❆ ♥✉♠❜❡r ♦❢ ❡❛r❧✐❡r st✉❞✐❡s ♣♦✐♥t t♦ t❤❡ ❝❤❛❧❧❡♥❣❡s ♦❢ ♠❡❛s✉r✐♥❣ t❤❡ ❜❡♥❡✜ts ❢r♦♠ s♦❝✐❛❧ ♠❡❞✐❛ ✭▲♦✈❡tt ❛♥❞
✸
❙t❛❡❧✐♥✱ ✷✵✶✷❀ ❇♦❧❧✐♥❣❡r ❡t ❛❧✳✱ ✷✵✶✸❀ ❈✉❧♦tt❛ ❛♥❞ ❈✉t❧❡r✱ ✷✵✶✻❀ ▼❛ ❡t ❛❧✳✱ ✷✵✶✺✮ ❛s ✇❡❧❧ ❛s t❤❡ r❡❧❛t✐♦♥s❤✐♣
❜❡t✇❡❡♥ ♣♦❧✐t✐❝❛❧ ♣♦s✐t✐♦♥✐♥❣ ♦❢ ♠❡❞✐❛ ❛♥❞ t❤❡✐r r❡✈❡♥✉❡s ✭●❛❧✲❖r ❡t ❛❧✳✱ ✷✵✶✷❀ ❨✐❧❞✐r✐♠ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❖✉r
✜♥❞✐♥❣s s✉❣❣❡st ❝♦♥❝r❡t❡❧② t❤❛t t❤❡s❡ ♣❧❛t❢♦r♠s ❝❛♥ ❣❡♥❡r❛t❡ ♣♦s✐t✐✈❡ r❡t✉r♥s✳
✷ ❇❛❝❦❣r♦✉♥❞
❯s❡ ♦❢ ❙♦❝✐❛❧ ▼❡❞✐❛ ❜② P♦❧✐t✐❝✐❛♥s
❯♥t✐❧ r❡❝❡♥t❧②✱ tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ❤❡❧❞ t❤❡ r♦❧❡ ♦❢ ❜❡✐♥❣ t❤❡ ♣r✐♠❛r② ✐♥❢♦r♠❛t✐♦♥ ❝❤❛♥♥❡❧ ❢♦r ♣♦❧✐t✐❝✐❛♥s✱ s♦
♦❜t❛✐♥✐♥❣ ❝♦✈❡r❛❣❡ ♦♥ ♥❡✇s♣❛♣❡rs ❛♥❞ ❚❱ ♦✉t❧❡ts ❜❡❝❛♠❡ ❝r✉❝✐❛❧ ❢♦r ❡❧❡❝t♦r❛❧ s✉❝❝❡ss✳ ❈❛♥❞✐❞❛t❡s ❢✉rt❤❡r
❡♥❣❛❣❡❞ ✐♥ ❞✐ss❡♠✐♥❛t✐♦♥ ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡✐r ❝❛♥❞✐❞❛❝② ❛♥❞ ♣♦❧✐❝② ❣♦❛❧s ❜② t❤❡ s♣❡❡❝❤❡s t❤❡② ❣✐✈❡
❛❧♦♥❣ t❤❡ ❝❛♠♣❛✐❣♥ tr❛✐❧ ❛♥❞ t❤r♦✉❣❤ ♣✉❜❧✐❝ ❛♣♣❡❛r❛♥❝❡s ✭●❛r❝✐❛✲❏✐♠❡♥♦ ❛♥❞ ❨✐❧❞✐r✐♠✱ ✷✵✶✺✮✳ ❚♦❞❛②✱ ❛
r❡♣♦rt❡❞ ✽✵✪ ♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥s ❛r♦✉♥❞ t❤❡ ✇♦r❧❞ ✉s❡ ❚✇✐tt❡r t♦ ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ t❤❡✐r ❝♦♥st✐t✉❡♥❝②✶✳ ❚❤❡
❝♦♥t❡♥t ♦❢ t❤✐s ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ♠♦r❡ ♣❡rs♦♥❛❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡❣✉❧❛r ❝❛♠♣❛✐❣♥ ♠❡ss❛❣❡s ❛♥❞ ✐♥❝❧✉❞❡s
✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♣♦❧✐t✐❝✐❛♥s✬ ❧✐✈❡s ❛♥❞ ❛❝t✐✈✐t✐❡s ♦✉ts✐❞❡ ♦❢ ♣♦❧✐t✐❝s✳ ❲❤✐❧❡ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❛r❡ ✇❡❧❧ ❦♥♦✇♥
❛♥❞ ❤♦❧❞ ❤✐❣❤ ♣♦❧✐t✐❝❛❧ ♣♦s✐t✐♦♥s t②♣✐❝❛❧❧② r❡❛❝❤ ♦✉t t♦ s❡✈❡r❛❧ ♠✐❧❧✐♦♥ ❢♦❧❧♦✇❡rs ♦♥ ❚✇✐tt❡r✱ ❧❡ss❡r ❦♥♦✇♥
♣♦❧✐t✐❝✐❛♥s ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ s❡✈❡r❛❧ t❤♦✉s❛♥❞ ✐♥❞✐✈✐❞✉❛❧s✳ ❇❛r❛❝❦ ❖❜❛♠❛✱ ❢♦r ✐♥st❛♥❝❡✱ ✐♥ ✷✵✶✻ ❤❛❞ ♦✈❡r
t✇❡♥t②✲t❤r❡❡ ♠✐❧❧✐♦♥ ❢♦❧❧♦✇❡rs ✇❤✐❧❡ ▼✐❦❡ P❡♥❝❡✱ ❖r✐♥ ❍❛t❝❤ ❛♥❞ ❏❛r❡❞ P♦❧✐s ❤❛❞ ♦✈❡r t❤✐rt② t❤♦✉s❛♥❞
❛❝❝♦✉♥ts ❢♦❧❧♦✇✐♥❣ t❤❡♠✳ ❆❝❝♦r❞✐♥❣ t♦ ♦✉r ❞❛t❛✱ t❤❡ ♥✉♠❜❡r ♦❢ ❈♦♥❣r❡ss✐♦♥❛❧ ❝❛♥❞✐❞❛t❡s ✇❤♦ ✉s❡ ❚✇✐tt❡r
✐♥❝r❡❛s❡s ❢r♦♠ ✼✹✶ ✐♥ ✷✵✵✾ t♦ ✶✱✵✷✹ ✐♥ ✷✵✶✵✱ t♦ ✶✱✹✽✽ ✐♥ ✷✵✶✷✱ ❛♥❞ t♦ ✶✱✽✶✹ ✐♥ ✷✵✶✹✳
❆❢t❡r t❤❡ ✷✵✵✽ ❡❧❡❝t✐♦♥✱ s❝❤♦❧❛rs ♣r❡❞✐❝t❡❞ ✐♥❝r❡❛s❡❞ ❛♥❞ t❛r❣❡t❡❞ ✇❡❜ ✉s❡ ❜② ♣♦❧✐t✐❝❛❧ ❝❛♠♣❛✐❣♥s ❛t t❤❡
❢❡❞❡r❛❧ ❛♥❞ ❧♦❝❛❧ ❧❡✈❡❧ ✭❚♦✇♥❡r ❛♥❞ ❉✉❧✐♦✱ ✷✵✶✷✮✳ ❚❤✐s ✐♥❝❧✉❞❡❞ ✉s❡ ♦❢ ❙♦❝✐❛❧ ◆❡t✇♦r❦✐♥❣ ❙❡r✈✐❝❡s ✭❙◆❙s✮✱
✇❤✐❝❤ ❛❧❧♦✇ ❝❛♥❞✐❞❛t❡s t♦ ❜✉✐❧❞ ♣r♦✜❧❡s ❛♥❞ s❤♦✇❝❛s❡ ❝♦♥♥❡❝t✐♦♥s ✇✐t❤✐♥ ❛ ❞❡❧✐♠✐t❡❞ s②st❡♠ ✭❇♦②❞ ❛♥❞
❊❧❧✐s♦♥✱ ✷✵✶✵❀ ❇♦②❞ ❛♥❞ ▼❛r✇✐❝❦✱ ✷✵✶✶✮✳ ❆♠♦♥❣ t❤❡s❡ s✐t❡s✱ ❚✇✐tt❡r ✐s ✉♥✐q✉❡ ❞✉❡ t♦ ✐ts ❝♦♥✜♥❡♠❡♥t t♦ ✶✹✵✲
❝❤❛r❛❝t❡r ♠❡ss❛❣❡s ❛♥❞ t❤❡ ❧❛❝❦ ♦❢ r❡str✐❝t✐♦♥s ♦♥ ✈✐❡✇✐♥❣ ♠❡ss❛❣❡s ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛❝❝♦✉♥t✲♦✇♥❡r ♣❡r♠✐ss✐♦♥s✳
❋♦❧❧♦✇❡rs ❛r❡ s❛✐❞ t♦ ❡st❛❜❧✐s❤ ❝♦♥♥❡❝t✐♦♥s ❢♦r t❤❡ ❝♦♥t❡♥t✱ r❛t❤❡r t❤❛♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣s✱ r❡s✉❧t✐♥❣ ✐♥ ♥✉♠❡r♦✉s
t✐❡s t❤❛t s♣❛♥ ♣❤②s✐❝❛❧ ❛♥❞ s♦❝✐❛❧ ❞✐s♣❛r✐t✐❡s ✭❱✐r❦ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❚✇✐tt❡r ❜r✐♥❣s ✇✐t❤ ✐t ♥❡✇ ♣♦ss✐❜✐❧✐t✐❡s ❢♦r
❝❛♥❞✐❞❛t❡✲✈♦t❡r ✐♥t❡r❛❝t✐♦♥ ❛s t❤❡ ✏❅✉s❡r♥❛♠❡✑ ❢✉♥❝t✐♦♥ ❛❧❧♦✇s ❝❛♥❞✐❞❛t❡s t♦ r❡♣❧② ❞✐r❡❝t❧② t♦ ♦t❤❡r ✉s❡rs
❛♥❞ ♣r♦♠♦t❡ ❞✐❛❧♦❣✉❡✳ ▼❛♥❛❣✐♥❣ ❛ ❚✇✐tt❡r ❛✉❞✐❡♥❝❡✱ t❤❡r❡❢♦r❡✱ r❡q✉✐r❡s ❝♦♥st❛♥t ❛❝t✐✈✐t② t♦ r❡s♣♦♥❞ t♦✱
♠♦♥✐t♦r✱ ❛♥❞ ✉♥❞❡rst❛♥❞ ❛✉❞✐❡♥❝❡ ✐♥t❡r❡sts ✭❇♦②❞ ❛♥❞ ▼❛r✇✐❝❦✱ ✷✵✶✶✮✳ ■t ✐s ♥♦t s✉r♣r✐s✐♥❣ t❤❛t t❤✐s ♣❧❛t❢♦r♠
✐s ❢r❛✉❣❤t ✇✐t❤ ♣♦t❡♥t✐❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛❧❧❡♥❣❡s✳ ❚❤❡s❡ ❝❤❛❧❧❡♥❣❡s ✐♥❝❧✉❞❡ ❛♥ ❛❜s❡♥❝❡ ♦❢ ❛✉t❤♦r✐t❛t✐✈❡
❤✐❡r❛r❝❤✐❡s ✭▼❡t③❣❛r ❛♥❞ ▼❛r✉❣❣✐✱ ✷✵✵✾✮✱ t❤❡ ♣♦ss✐❜❧❡ ❧♦ss ♦❢ ♠❡ss❛❣❡ ❝♦♥tr♦❧ ✭●✉❡♦r❣✉✐❡✈❛✱ ✷✵✵✽❀ ❏♦❤♥s♦♥
❛♥❞ P❡r❧♠✉tt❡r✱ ✷✵✶✵✮ ❛♥❞ ♦✈❡r❛❧❧ ❜❧✉rr✐♥❣ ♦❢ tr❛❞✐t✐♦♥❛❧ ❛✉❞✐❡♥❝❡ ❝♦♥❝❡♣t✉❛❧✐③❛t✐♦♥s ✭▼❛r✇✐❝❦ ❡t ❛❧✳✱ ✷✵✶✶✮✳
❙❝❤♦❧❛rs ❛♥❞ ♣✉♥❞✐ts ❛❧s♦ q✉❡st✐♦♥ ✇❤❡t❤❡r t❤❡ ♦✈❡r❛❧❧ ✉s❡ ♦❢ ❙◆❙s ❜② ♣♦❧✐t✐❝✐❛♥s ❛❝t✉❛❧❧② ♠❛tt❡rs ✇❤❡♥ ✐t
❝♦♠❡s t♦ ✈♦t✐♥❣ ♦✉t❝♦♠❡s ✭❑✉s❤✐♥ ❛♥❞ ❨❛♠❛♠♦t♦✱ ✷✵✶✵❀ ❇❛✉♠❣❛rt♥❡r ❛♥❞ ▼♦rr✐s✱ ✷✵✶✵❀ ❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳
❆❧t❤♦✉❣❤ t❤❡ ♥✉♠❜❡r ♦❢ ❚✇✐tt❡r ✉s❡rs ❝♦♥t✐♥✉❡s t♦ ✐♥❝r❡❛s❡✱ ♦♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ t❤♦s❡ ✉s❡rs r❡♣♦rt ✉s✐♥❣ t❤❡
s✐t❡ t♦ ❣❛t❤❡r ♣♦❧✐t✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥ ✭❙♠✐t❤ ❛♥❞ ❘❛✐♥✐❡✱ ✷✵✵✽❀ ❙♠✐t❤✱ ✷✵✶✶✮✳ ❘✐❣❤t ♥♦✇✱ ❚✇✐tt❡r ❛♥❞ ♦t❤❡r
❙◆❙s ❛r❡ st✐❧❧ s❡❡♥ ❛s ❝♦♠♣❧❡♠❡♥t❛r② t♦ tr❛❞✐t✐♦♥❛❧ ♦✉tr❡❛❝❤ ♠❡❞✐✉♠s ✭❚♦✇♥❡r ❛♥❞ ❉✉❧✐♦✱ ✷✵✶✷✮✳ ❚❤❡ tr✉❡
✶❤tt♣✿✴✴✇✇✇✳❛❞✇❡❡❦✳❝♦♠✴s♦❝✐❛❧t✐♠❡s✴✇♦r❧❞✲❧❡❛❞❡rs✲t✇✐tt❡r✴✹✾✺✶✵✸
✹
♣❛②❜❛❝❦ ♠❛② ❜❡ ✐♥ ♦r❣❛♥✐③✐♥❣ ✈♦❧✉♥t❡❡rs ❛♥❞ ❛❝t✐✈✐sts✱ ❛♥ ❛s♣❡❝t s♦♠❡ ♠❛✐♥t❛✐♥ ✐s ♦✈❡r❧♦♦❦❡❞ ✭❆❜r♦♠s ❛♥❞
❈r❛✐❣ ▲❡❢❡❜✈r❡✱ ✷✵✵✾✮✳ ❚❤❡ ♣r✐♠❛r② ❜❡♥❡✜ts ♦❢ t❤❡ ❙◆❙ ❛s ❛ ❝❛♠♣❛✐❣♥ t♦♦❧ ❛r❡ s❛✐❞ t♦ ✐♥❝❧✉❞❡ ❧♦✇ ❝♦sts✱
❡♥❤❛♥❝❡❞ r❡❝r✉✐t♠❡♥t ♦❢ ✈♦❧✉♥t❡❡rs ❛♥❞ ❝♦♥tr✐❜✉t✐♦♥s✱ ❛♥❞ ❛ s♣❛❝❡ ❢♦r ❧❡ss❡r ❦♥♦✇♥ ❝❛♥❞✐❞❛t❡s ✭●✉❡♦r❣✉✐❡✈❛✱
✷✵✵✽✮✳ ❖♥❡ ❜❡♥❡✜t ♦❢ ❛❧❧ s♦❝✐❛❧ ♠❡❞✐❛ ✐s t❤❡ ❞✐r❡❝t ♥❛t✉r❡ ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇❤✐❝❤ ❛❧❧♦✇s ❝❛♥❞✐❞❛t❡s t♦
❜②♣❛ss tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ♦✉t❧❡ts ✭▲❛ss❡♥ ❛♥❞ ❇r♦✇♥✱ ✷✵✶✵✮✳
❚❤❡r❡ ❛r❡ ❛ ♥✉♠❜❡r ♦❢ st✉❞✐❡s ♣r♦✈✐❞✐♥❣ ❝♦rr❡❧❛t✐♦♥❛❧ ❡✈✐❞❡♥❝❡ ♦♥ ❤♦✇ s♦❝✐❛❧ ♠❡❞✐❛ ✐♥✢✉❡♥❝❡s ❝❛♠♣❛✐❣♥s✳
▼❡t❛①❛s ❛♥❞ ❊♥✐ ✭✷✵✶✷✮✱ ❢♦r ❡①❛♠♣❧❡✱ ❝♦♠♠❡♥t ♦♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ s♦❝✐❛❧ ♠❡❞✐❛ ✉s❡ ❛♥❞ ❡❧❡❝t✐♦♥s
❢r♦♠ t❤❡ ♣❡rs♣❡❝t✐✈❡ ♦❢ ♣r❡❞✐❝t✐♥❣ ❡❧❡❝t♦r❛❧ ♦✉t❝♦♠❡s✱ ✇❤✐❧❡ ❍♦♥❣ ❛♥❞ ◆❛❞❧❡r ✭✷✵✶✶✮ ❞❡♠♦♥str❛t❡ ❤♦✇ t❤❡
✉s❡ ♦❢ ❚✇✐tt❡r ❝♦rr❡❧❛t❡s ✇✐t❤ t❤❡ s❤✐❢ts ✐♥ ♣♦❧❧s ❞✉r✐♥❣ ❡❧❡❝t✐♦♥ ♣❡r✐♦❞s✳ ❋r♦♠ t❤❡ ♣❡rs♣❡❝t✐✈❡ ♦❢ ♣♦❧✐t✐❝✐❛♥s✱
♣♦❧✐❝② ♠❛❦❡rs ❛♥❞ ❝♦♥s✉♠❡rs ♦❢ s♦❝✐❛❧ ♠❡❞✐❛✱ ❞♦❝✉♠❡♥t✐♥❣ ❛ r♦❜✉st ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢ ❚✇✐tt❡r ❛♥❞ s❤♦✇✐♥❣
❞✐✛❡r❡♥t ♠❡❝❤❛♥✐s♠s ❛t ♣❧❛② ✐s ❡ss❡♥t✐❛❧ t♦ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ r♦❧❡ ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ✐♥ t❤❡ ❡❧❡❝t♦r❛❧ ♣r♦❝❡ss✳
▼❡❞✐❛ ❛♥❞ ■♥❝✉♠❜❡♥❝② ❆❞✈❛♥t❛❣❡
■♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡ ✐s ❛♠♦♥❣ t❤❡ ❜❡st✲❞♦❝✉♠❡♥t❡❞ ❡❧❡❝t♦r❛❧ ♣❛tt❡r♥s ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ✭❆♥s♦❧❛❜❡❤❡r❡
❡t ❛❧✳✱ ✷✵✵✻❛✮✳ ❙t❛rt✐♥❣ ✇✐t❤ ❛ ✶✲✷✪ ♣♦✐♥t ❛❞✈❛♥t❛❣❡ ✐♥ t❤❡ ✶✾✹✵s✱ ✐♥❝✉♠❜❡♥ts r❡♣♦rt❡❞❧② ❡♥❥♦②❡❞ ✐♥❝r❡❛s✐♥❣
❧❡✈❡❧s ♦❢ ❡❧❡❝t♦r❛❧ ✇✐♥s✱ r❡❛❝❤✐♥❣ ❛❜♦✉t ✽✲✶✵✪ ❞✉r✐♥❣ t❤❡ ✷✵✵✵s✳ ❆ r✐❝❤ ❧✐t❡r❛t✉r❡ ♦✛❡rs ❡①♣❧❛♥❛t✐♦♥s ❢♦r
✇❤② ❦♥♦✇♥ ❛♥❞ ✐♥❝✉♠❜❡♥t ♣♦❧✐t✐❝✐❛♥s ✇✐t❤ ❡①♣❡r✐❡♥❝❡ ❡♥❥♦② t❤✐s ❛❞✈❛♥t❛❣❡ ✐♥ ❡❧❡❝t✐♦♥s✳ ❍✐❣❤❡r ❝❤❛♥❝❡s ♦❢
r❡✲❡❧❡❝t✐♦♥ ♠❛② s✐♠♣❧② st❡♠ ❢r♦♠ ❞✐✛❡r❡♥❝❡s ✐♥ q✉❛❧✐t② ♦❢ t❤❡ ❝❛♥❞✐❞❛t❡s✳ ❙♦♠❡ ♦❢ t❤❡s❡ ♣♦❧✐t✐❝✐❛♥s ♠❛②
❜❡ ♠♦r❡ s❦✐❧❧❡❞ t❤❛♥ t❤❡✐r ♦♣♣♦♥❡♥ts ✭❏❛❝♦❜s♦♥ ❛♥❞ ❑❡r♥❡❧❧✱ ✶✾✽✷✮ ❛♥❞ ❤❡♥❝❡ ❡♥❥♦② ❤✐❣❤❡r ❝❤❛♥❝❡s ♦❢ r❡✲
❡❧❡❝t✐♦♥✳ ❚❤❡ ✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡ ❝❛♥ ❛❧s♦ ❜❡ ❞✉❡ t♦ t❤❡ ♦♣♣♦rt✉♥✐t② t❤❡ ✐♥❝✉♠❜❡♥ts ❡♥❥♦② t♦ ✉s❡ st❛✛
❛♥❞ ❝♦♠♠✐tt❡❡ ♣♦s✐t✐♦♥s t♦ r❛✐s❡ ❝❛♠♣❛✐❣♥ ❢✉♥❞s ✭❈♦① ❛♥❞ ❑❛t③✱ ✶✾✾✻✮✳ ❉✐✛❡r❡♥t❧② ❢r♦♠ t❤❡ ❡❛r❧✐❡r st✉❞✐❡s✱
✇❡ ✜♥❞ t❤❛t ♥❡✇ ♣♦❧✐t✐❝✐❛♥s s❡❡ r❡t✉r♥s ❢r♦♠ ♦♣❡♥✐♥❣ ❛♥ ❛❝❝♦✉♥t ♦♥ s♦❝✐❛❧ ♠❡❞✐❛ r❛t❤❡r t❤❛♥ t❤❡ ♠♦r❡
❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s✱ ❛❧t❤♦✉❣❤ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ♠❛② ❤❛✈❡ ❛❝❝❡ss t♦ ❣r❡❛t❡r r❡s♦✉r❝❡s t♦ ♠❛✐♥t❛✐♥
❛♥ ❛❞✈❛♥t❛❣❡ ❝♦♠♣❛r❡❞ t♦ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✳
❆♥♦t❤❡r ❛❞✈❛♥t❛❣❡ ✐♥❝✉♠❜❡♥ts ❤♦❧❞ ✐s t❤❡ ❞✐s♣r♦♣♦rt✐♦♥❛t❡ ❛tt❡♥t✐♦♥ t❤❡② r❡❝❡✐✈❡ ❢r♦♠ t❤❡ ♠❡❞✐❛✳ ❉✉r✐♥❣
❡❧❡❝t✐♦♥s✱ tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ❛❝ts ❛s t❤❡ ♣r✐♠❛r② s♦✉r❝❡ ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❝❛♥❞✐❞❛t❡s ❛♥❞ ❛❧s♦ ✐♥✢✉❡♥❝❡s
t❤❡ ❞❡❝✐s✐♦♥s ♦❢ t❤❡ ✈♦t❡rs t❤r♦✉❣❤ ❡♥❞♦rs❡♠❡♥ts✳ ❙✉r✈❡②✲❜❛s❡❞ ✜♥❞✐♥❣s s✉❣❣❡st t❤❛t ✐♥❝✉♠❜❡♥ts ❡♥❥♦②
❤✐❣❤❡r ❧❡✈❡❧s ♦❢ ♠❡❞✐❛ ❝♦✈❡r❛❣❡ ❛♥❞ ❣r❡❛t❡r ❧❡✈❡❧s ♦❢ ❡♥❞♦rs❡♠❡♥ts ✭●♦❧❞❡♥❜❡r❣ ❛♥❞ ❚r❛✉❣♦tt✱ ✶✾✽✵❀ ❈❧❛r❦❡
❛♥❞ ❊✈❛♥s✱ ✶✾✽✸❀ ❆♥s♦❧❛❜❡❤❡r❡ ❡t ❛❧✳✱ ✷✵✵✻❛✮✳ ❚r❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ s✉❝❤ ❛s ❚❱ ❛♥❞ ♥❡✇s♣❛♣❡rs s✉♣♣♦rt t❤❡
❜❡tt❡r ❦♥♦✇♥ ♣♦❧✐t✐❝✐❛♥s✱ ❛♥❞ ✈♦t❡rs ❛r❡ ♠♦r❡ ❧✐❦❡❧② t♦ ❢❛✈♦r ❝❛♥❞✐❞❛t❡s ✇❤♦ t❤❡② ❝❛♥ r❡❝♦❣♥✐③❡ ✭❏❛❝♦❜s❡♥✱
✶✾✽✼✮✳ ❆♥s♦❧❛❜❡❤❡r❡ ❡t ❛❧✳ ✭✷✵✵✻❜✮ ✜♥❞ t❤❛t ❡♥❞♦rs❡♠❡♥ts ✐♥✢✉❡♥❝❡ t❤❡ ♦✉t❝♦♠❡ ♦❢ ❛♥ ❡❧❡❝t✐♦♥ ❜② ❛❜♦✉t
✶✲✺✪ ♣♦✐♥ts✳ ❚❤❡s❡ ✜♥❞✐♥❣s s✉❣❣❡st t❤❛t ❡①♣❡r✐❡♥❝❡ ✐♥ ♣♦❧✐t✐❝s ✲ ❜♦t❤ t❤r♦✉❣❤ ❤✐❣❤❡r ♣✉❜❧✐❝ r❡❝♦❣♥✐t✐♦♥ ❛♥❞
t❤r♦✉❣❤ ❤♦❧❞✐♥❣ ❛ ♣✉❜❧✐❝ ♦✣❝❡ ✲ ❝❛♥ ♣✉t ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❛t ❛ ❞✐s❛❞✈❛♥t❛❣❡✱ ❛♥❞ ❞✐s❝♦✉r❛❣❡ ❡♥tr② ✐♥t♦ ♣♦❧✐t✐❝❛❧
❝♦♥t❡sts ✭❈♦① ❛♥❞ ❑❛t③✱ ✶✾✾✻✮✱ ✇❤✐❝❤ r❡❞✉❝❡s t❤❡ ❝♦♠♣❡t✐t✐✈❡♥❡ss ♦❢ ❡❧❡❝t♦r❛❧ r❛❝❡s✳ ▲❡ss ❝♦♠♣❡t✐t✐✈❡ r❛❝❡s
r❡s✉❧t ✐♥ ❧♦✇❡r r❡s♣♦♥s✐❜✐❧✐t② ❛♥❞ ❛❝❝♦✉♥t❛❜✐❧✐t② t♦✇❛r❞s ❝♦♥st✐t✉❡♥ts ❜② ♣♦❧✐t✐❝✐❛♥s ✭❈❛rs♦♥ ❡t ❛❧✳✱ ✷✵✵✼✮✳
❚❤❡s❡ ❝♦♥❝❡r♥s t♦❣❡t❤❡r s✉❣❣❡st t❤❛t ♥❡✇ t❡❝❤♥♦❧♦❣✐❡s✱ ✇❤✐❝❤ ❝❛♥ r❡❞✉❝❡ t❤❡ ✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡✱ ❝❛♥
❤❡❧♣ ❡❧❡❝t✐♦♥s t♦ ❜❡ ❝♦♥t❡st❡❞ ♦♥ ❢❛✐r❡r ❣r♦✉♥❞s✳
✺
✸ ❆ ❙✐♠♣❧❡ ▼♦❞❡❧ ♦❢ P♦❧✐t✐❝❛❧ ❉♦♥❛t✐♦♥s
❲❡ s❦❡t❝❤ ♦✉t ❛ s✐♠♣❧❡ ♣❛rt✐❛❧ ❡q✉✐❧✐❜r✐✉♠ ❢r❛♠❡✇♦r❦ ♦❢ ❞♦♥❛t✐♦♥ ❞❡❝✐s✐♦♥s ❜② ♣♦t❡♥t✐❛❧ ♣♦❧✐t✐❝❛❧ ❞♦♥♦rs✳
❲❡ ❛♥❛❧②③❡ ❞♦♥❛t✐♦♥ ❞❡❝✐s✐♦♥s ✐♥ s✐t✉❛t✐♦♥s ✇❤❡r❡ ♣♦❧✐t✐❝✐❛♥s ❞♦ ❛♥❞ ❞♦ ♥♦t ✉s❡ ❚✇✐tt❡r✳ ■♥ t❤✐s ❢r❛♠❡✇♦r❦✱
✇❡ ❛❜str❛❝t ❛✇❛② ❢r♦♠ ❡①♣❧✐❝✐t❧② ♠♦❞❡❧✐♥❣ t❤❡ str❛t❡❣✐❝ ❞❡❝✐s✐♦♥ ♦❢ ♣♦❧✐t✐❝✐❛♥s t♦ ❥♦✐♥ ❚✇✐tt❡r✳ ❲❡ ✉s❡ t❤❡
♠♦❞❡❧ t♦ ❞❡r✐✈❡ s♦♠❡ t❡st❛❜❧❡ ♣r❡❞✐❝t✐♦♥s ♦♥ ❞♦♥❛t✐♦♥ ❞❡❝✐s✐♦♥s ✇❤✐❝❤ ✇❡ t❤❡♥ t❛❦❡ t♦ ❞❛t❛✳
❚❤❡ ❋r❛♠❡✇♦r❦
❈♦♥s✐❞❡r ❛ s❡tt✐♥❣ ✇❤❡r❡ ♣♦❧✐t✐❝✐❛♥s ❝❛♥ ❜❡ ❡✐t❤❡r ♥❡✇ ♦r ❡①♣❡r✐❡♥❝❡❞✱ ✐♥❞❡①❡❞ ❜② i ∈ {e, n}✳ ❆ ♣♦❧✐t✐❝✐❛♥
i ❤❛s ❛ ❵t②♣❡✬ ♦r q✉❛❧✐t②✱ θi ∈[0, 1] ✐♥t❡r✈❛❧✳ ❚❤❡ ♣♦❧✐t✐❝✐❛♥ ❦♥♦✇s ❤❡r θi✳ ❚❤❡r❡ ✐s ❛ ✉♥✐t ♠❛ss ♦❢ ♣♦t❡♥t✐❛❧
❞♦♥♦rs✳ ❲❡ ❛ss✉♠❡ t❤❛t ❛❧❧ ♣♦t❡♥t✐❛❧ ❞♦♥♦rs ✇❛♥t ❛ ❤✐❣❤❡r ❵q✉❛❧✐t②✬ ♣♦❧✐t✐❝✐❛♥ ✇❤✐❝❤✱ ✐♥ t❤✐s ❝♦♥t❡①t✱ ❝❛♥ ❜❡
✐♥t❡r♣r❡t❡❞ ❛s ❝♦♠♣❡t❡♥❝❡✱ ❤♦♥❡st②✱ ♦r ❡①♣❡r✐❡♥❝❡ ♦❢ ❛ ♣♦❧✐t✐❝✐❛♥✳✷
❲❡ ❛❞♦♣t ❛ s❡♣❛r❛❜❧❡ ✉t✐❧✐t② ❢r❛♠❡✇♦r❦ ❢♦r ❞♦♥♦rs s✐♠✐❧❛r t♦ ❈❤✐❛♥❣ ❛♥❞ ❑♥✐❣❤t ✭✷✵✶✶✮ ❛♥❞ ▼❛t❡❥❦❛
❡t ❛❧✳ ✭✷✵✶✺✮✳ ❆♥ ✐♥❞✐✈✐❞✉❛❧ ❞♦♥♦r d ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ✉t✐❧✐t② ❢r♦♠ ❞♦♥❛t✐♥❣ t♦ ♣♦❧✐t✐❝✐❛♥ i✿✸
Udi = θi − cd
❚❤❡ t❡r♠ cd ∼ U [0, 1] ❝❛♣t✉r❡s t❤❡ ❝♦st ♦❢ ❞♦♥❛t✐♥❣ ✇❤✐❝❤ ❛✛❡❝ts ❡❛❝❤ ❞♦♥♦r ✐❞✐♦s②♥❝r❛t✐❝❛❧❧②✳ ❲❡
♥♦r♠❛❧✐③❡ t❤❡ ♦✉ts✐❞❡ ♦♣t✐♦♥ ♦❢ t❤❡ ❞♦♥♦rs t♦ ✵✳ ❚❤❡ ❞♦♥♦rs ❞♦ ♥♦t ♦❜s❡r✈❡ θi ❜✉t ❤♦❧❞ ✭✉♥❜✐❛s❡❞✮ ♣r✐♦r
❜❡❧✐❡❢s s✉❝❤ t❤❛t
θi ∼ N(θ̄i, σ
2
i0)
❲❡ ❛ss✉♠❡ t❤❛t θ̄e > θ̄n ✇❤✐❝❤ ✇✐❧❧ ✐♠♣❧② t❤❛t ❡①✲❛♥t❡✱ ✇✐t❤♦✉t ❚✇✐tt❡r✱ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ❤❛✈❡ ❛♥
❛❞✈❛♥t❛❣❡ ✐♥ r❡❝❡✐✈✐♥❣ ❤✐❣❤❡r ❞♦♥❛t✐♦♥s r❡❧❛t✐✈❡ t♦ ♥❡✇❡r ♣♦❧✐t✐❝✐❛♥s✳ ❲❡ ✇✐❧❧ ❢♦❝✉s ♦♥ t❤❡ ❝❛s❡ ✇❤❡r❡ ❛❧s♦
σ2n0 > σ
2
e0✳ ❆ ❤✐❣❤❡r ✈❛r✐❛♥❝❡ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✐♠♣❧✐❡s t❤❛t ❡①✲❛♥t❡✱ t❤❡ ❞♦♥♦rs ♣❧❛❝❡ ❧❡ss ❝♦♥✜❞❡♥❝❡ ✐♥
t❤❡✐r ❡st✐♠❛t❡ ♦❢ θn r❡❧❛t✐✈❡ t♦ θe✳ ❚❤✐s str✉❝t✉r❡ ✐s ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ❡✈✐❞❡♥❝❡ t❤❛t ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s
❤♦❧❞ ❛♥ ✐♥❢♦r♠❛t✐♦♥❛❧ ❛❞✈❛♥t❛❣❡ ♦✈❡r ♥❡✇❡r ❝❛♥❞✐❞❛t❡s ❛s ❞♦❝✉♠❡♥t❡❞ ❜② ❆♥❞❡rs♦♥ ✭✷✵✵✹✮ ❛♥❞ ❖❧✐✈❡r ❛♥❞
❍❛ ✭✷✵✵✼✮✳
■❢ ❛ ♣♦❧✐t✐❝✐❛♥ ❞♦❡s ❥♦✐♥ ❚✇✐tt❡r t❤❡♥ s❤❡ ❝❛♥ ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ t♦ t❤❡ ❞♦♥♦rs ♦r ❝♦✉❧❞ s❡♥❞ ✭r❛t✐♦♥❛❧ ♦r
♥♦♥✲r❛t✐♦♥❛❧✮ ♣❡rs✉❛s✐♦♥ s✐♠✐❧❛r t♦ ❛❞✈❡rt✐s✐♥❣ ♠❡ss❛❣❡s✳ ❚❤❡ ♣♦❧✐t✐❝✐❛♥ ❝❛♥ s❡♥❞ ❛ ♠❡ss❛❣❡ m t♦ t❤❡ ✈♦t❡rs
s✉❝❤ t❤❛t✿
mi = θ̄i + ǫi
✇✐t❤ ǫi ∼ N(0, σ
2
iǫ)✳
✷❆♥❛❧②③✐♥❣ q✉❛❧✐t② ✐♥st❡❛❞ ♦❢ ✐❞❡♦❧♦❣② ✐s ♠♦r❡ ♣❡rt✐♥❡♥t ✐♥ ♦✉r ❝♦♥t❡①t✱ s✐♥❝❡ ✇❡ ❛♥❛❧②③❡ ❞♦♥❛t✐♦♥s ✇✐t❤✐♥ st❛t❡s✱ ✇❤❡r❡
✐❞❡♦❧♦❣✐❝❛❧ ❞✐✛❡r❡♥t✐❛t✐♦♥ ✇✐t❤✐♥ ❛ ♣❛rt② ✇♦✉❧❞ ❜❡ ❧✐♠✐t❡❞✳ ■♥ s✉❝❤ ❛ s✐t✉❛t✐♦♥✱ ✐♥❢♦r♠❛t✐♦♥ ✈✐❛ ❚✇✐tt❡r ✐s ♠♦r❡ ❧✐❦❡❧② ❣♦✐♥❣ t♦
❜❡ ❛❜♦✉t t❤❡✐r ✐♥t❡❣r✐t②✱ ❡①♣❡r✐❡♥❝❡ ❛♥❞ tr❛❝❦ r❡❝♦r❞✳ ❚❤✐s ♠♦❞❡❧✐♥❣ ❝❤♦✐❝❡ ✐s ✐♥ ❧✐♥❡ ✇✐t❤ ❉✉r❛♥t❡ ❛♥❞ ❑♥✐❣❤t ✭✷✵✶✷✮ ❛s ✇❡❧❧
❛s ❑♥✐❣❤t ❛♥❞ ❈❤✐❛♥❣ ✭✷✵✶✶✮✳
✸❚❤❡ ❧✐♥❡❛r ✉t✐❧✐t② ❢r❛♠❡✇♦r❦ ✐s ✐♥ ❧✐♥❡ ✇✐t❤ ✭❈❤✐❛♥❣ ❛♥❞ ❑♥✐❣❤t✱ ✷✵✶✶✮ ❛♥❞ ❉✉r❛♥t❡ ❛♥❞ ❑♥✐❣❤t ✭✷✵✶✷✮✳▼❛t❡❥❦❛ ❡t ❛❧✳ ✭✷✵✶✺✮
❛❞♦♣t ❛ ♠♦r❡ ❣❡♥❡r❛❧ ❢r❛♠❡✇♦r❦ ✇❤❡r❡ u(θi) ✐s ❝♦♥❝❛✈❡ ❛♥❞ ❞✐✛❡r❡♥t✐❛❜❧❡✳ ❖✉r ♠❛✐♥ ✐♥s✐❣❤t ✇♦✉❧❞ ❤♦❧❞ ✐♥ s✉❝❤ ❛ s❡tt✐♥❣ ❛s
✇❡❧❧ ✭✇✐t❤ ♠♦r❡ ❛❧❣❡❜r❛✮ ❛s ✇❡❧❧ ❛s ♦t❤❡r ❢r❛♠❡✇♦r❦s ✇❤❡r❡ ✈♦t❡rs ❤❛✈❡ ❜✐✲♠♦❞❛❧ ♣♦❧✐❝② ♣r❡❢❡r❡♥❝❡s✳
✻
❚❤❡ ❉♦♥❛t✐♦♥ ❉❡❝✐s✐♦♥
❚♦ ❤✐❣❤❧✐❣❤t ❤♦✇ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❛✛❡❝ts ❞♦♥❛t✐♦♥s ❞✐✛❡r❡♥t✐❛❧❧② ❢♦r ♥❡✇ ❛♥❞ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s✱ ✇❡
❛♥❛❧②③❡ t❤❡ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ❜② ❡❛❝❤ t②♣❡ ♦❢ ♣♦❧✐t✐❝✐❛♥ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❚✇✐tt❡r✳ ■❢ t❤❡ ♣♦❧✐t✐❝✐❛♥ ❞♦❡s
♥♦t ❥♦✐♥ ❚✇✐tt❡r✱ ❞♦♥♦r d ✇✐❧❧ ❞♦♥❛t❡ ✐❢
E(θi) ≥ cd
◆♦r♠❛❧✐③✐♥❣ ❡❛❝❤ ❞♦♥❛t✐♦♥ t♦ ✶✱ t❤❡ t♦t❛❧ ❛♠♦✉♥t ♦❢ ❞♦♥❛t✐♦♥s ✐s t❤❡♥ ❣✐✈❡♥ ❜② θ̄i s✐♥❝❡ E(θi) = θ̄i✳ ■❢
❛ ♣♦❧✐t✐❝✐❛♥ ❞♦❡s ❥♦✐♥ ❚✇✐tt❡r t❤❡♥ s❤❡ ✇✐❧❧ s❡♥❞ ❛ ♠❡ss❛❣❡ mi ✇❤✐❝❤ ✇✐❧❧ ❜❡ ✉s❡❞ ❜② t❤❡ ❞♦♥♦rs t♦ ✉♣❞❛t❡
t❤❡✐r ❜❡❧✐❡❢s ❛❜♦✉t θi✳ ❚❤❡ ♣♦st❡r✐♦r ❜❡❧✐❡❢ ❛❢t❡r s❡❡✐♥❣ mi ✐s✿



















✳ ■❢ ❛ ♣♦❧✐t✐❝✐❛♥ ❞♦❡s ❥♦✐♥ ❚✇✐tt❡r✱ ❞♦♥♦r d ✇✐❧❧ ❞♦♥❛t❡ ✐❢
E(θi|mi) ≥ cd
❛♥❞ t❤❡♥ t❤❡ ❛♠♦✉♥t ♦❢ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ✐s E(θi|mi)✳ ❲❡ ❞❡✜♥❡ ∆i ≡ E(θi|mi)−E(θi)✳ ■❢ ∆i > 0, ∀i t❤❡♥
✇❡ ❝❛♥ ❡st❛❜❧✐s❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦♣♦s✐t✐♦♥✳
Pr♦♣♦s✐t✐♦♥ ✶✳ ❆ ♥❡✇ ♣♦❧✐t✐❝✐❛♥ ❣❛✐♥s ♠♦r❡ ❢r♦♠ ❥♦✐♥✐♥❣ ❚✇✐tt❡r r❡❧❛t✐✈❡ t♦ ❛ ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡ ✐❢✿
✭✶✮ ❱❛r✐❛♥❝❡ ♦❢ ♣r✐♦r ❜❡❧✐❡❢ ✐s ❤✐❣❤❡r ❢♦r ♥❡✇ ❛s ❝♦♠♣❛r❡❞ ✇✐t❤ ❛♥ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥✱ ✐✳❡✳ σ2n0 ✐s ❤✐❣❤








✭✷✮ ❚✇✐tt❡r ♠❡ss❛❣❡ ✐s ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❛s ❝♦♠♣❛r❡❞ ✇✐t❤ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s✱ ✐✳❡✳ σ2eǫ
















ǫi✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ∆n −∆e =Vn0ǫn − Ve0ǫe✳ ❚❤❡ ❝♦♠♣❛r❛t✐✈❡ st❛t✐❝s ✐♥ t❤❡ ♣r♦♣♦s✐t✐♦♥ ❢♦❧❧♦✇
❞✐r❡❝t❧②✳ ◗❊❉
❚❤❡ ♣r♦♣♦s✐t✐♦♥ ✐♠♣❧✐❡s ♥❡✇ ♣♦❧✐t✐❝✐❛♥s s❡❡ ❛ ❜✐❣❣❡r ✐♥❝r❡❛s❡ ✐♥ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s ❢r♦♠ ❥♦✐♥✐♥❣ ❚✇✐tt❡r
r❡❧❛t✐✈❡ t♦ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s✱ t❤❡ ❧❛r❣❡r σ2n0 ✐s r❡❧❛t✐✈❡ t♦ σ
2
e0✳ ❚❤❡ ❝♦♥❞✐t✐♦♥ ∆n ≥ ∆e ✐s ❛❧s♦ ❧✐❦❡❧② t♦
❤♦❧❞ ✐❢ t❤❡ ♠❡ss❛❣❡s s❡♥t ❜② ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❤❛✈❡ ❤✐❣❤❡r ♣r❡❝✐s✐♦♥✿ σ2eǫ ≥ σ
2
nǫ✳
❉♦♥❛t✐♦♥s ❛♥❞ ❚✇✐tt❡r P❡♥❡tr❛t✐♦♥
❚✐❧❧ ♥♦✇✱ ✇❡ ❤❛✈❡ ❛ss✉♠❡❞ t❤❛t t❤❡r❡ ✐s ✉♥✐✈❡rs❛❧ ❛❝❝❡ss t♦ ❚✇✐tt❡r ❛♥❞ ❛❧❧ ❞♦♥♦rs ♦❜s❡r✈❡ ❤♦✇ ✐♥❢♦r♠❛t✐✈❡
t❤❡ ✉s❡ ♦❢ ❚✇✐tt❡r ✐s ❢♦r ❛❧❧ ♣♦❧✐t✐❝✐❛♥s✳ ❆s ✐♥ ♦✉r ❡♠♣✐r✐❝❛❧ ♠♦❞❡❧✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡r❡ ❛r❡ ❞✐✛❡r❡♥t
❣❡♦❣r❛♣❤✐❝❛❧ r❡❣✐♦♥s ✭st❛t❡s✮✱ s ∈ {1, 2, ..., S} ✇✐t❤ ❞✐✛❡r❡♥t t✇✐tt❡r ✉s❛❣❡✳ ❊❛❝❤ st❛t❡ ❤❛s ❛ ✉♥✐t ♠❛ss ♦❢
♣♦t❡♥t✐❛❧ ❞♦♥♦rs✳ ▼♦r❡♦✈❡r✱ ✇❡ ❛ss✉♠❡ t❤❛t ♦♥❧② ❛ ✭r❛♥❞♦♠✮ ❢r❛❝t✐♦♥ φs ✉s❡s ❚✇✐tt❡r✳ ❚❤✐s ❛ss✉♠♣t✐♦♥ ✐s
✐♥ ❧✐♥❡ ✇✐t❤ ❇✉tt❡rs ✭✶✾✼✼✮✳ ❚❤✐s ♣❡♥❡tr❛t✐♦♥ ❝♦❡✣❝✐❡♥t ✈❛r✐❡s ❛❝r♦ss st❛t❡s ✇✐t❤ φ1 ≥ φ2 ≥ .... ≥ φS ✳
❆ss✉♠✐♥❣ t❤❛t ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✐s t❤❡ ♦♥❧② ❞✐♠❡♥s✐♦♥ ✇❤✐❝❤ ✈❛r✐❡s ❛❝r♦ss r❡❣✐♦♥s✱ ✇❡ ❝❛♥ ❡❛s✐❧② s❡❡
✼
t❤❛t ♣♦❧✐t✐❝✐❛♥s ✐♥ r❡❣✐♦♥s ✇✐t❤ ❛ ❤✐❣❤❡r φs ✇✐❧❧ r❡❝❡✐✈❡ ❛ ❜✐❣❣❡r ✐♥❝r❡❛s❡ ✐♥ ❞♦♥❛t✐♦♥s ❜② ❥♦✐♥✐♥❣ ❚✇✐tt❡r✿
φs∆i ≤ φs−1∆i
❚❤✐s ❛❧s♦ s❤♦✇s t❤❛t ✐❢ φs = 0 ❢♦r s♦♠❡ s t❤❡♥ ✐♥ t❤❛t r❡❣✐♦♥ t❤❡r❡ ✇✐❧❧ ❜❡ ❛♥ ✐♥s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥
❞♦♥❛t✐♦♥s ❢♦r ❜♦t❤ ❡①♣❡r✐❡♥❝❡❞ ❛♥❞ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✳
✹ ❉❛t❛
❖✉r st✉❞② ✉s❡s ❞❛t❛ ❢r♦♠ ❛ ✈❛r✐❡t② ♦❢ s♦✉r❝❡s✳ ❲❡ ❝♦♠♣✐❧❡ ❛ ❧✐st ♦❢ ♣♦❧✐t✐❝✐❛♥s ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ❋❡❞❡r❛❧
❊❧❡❝t✐♦♥ ❈♦♠♠✐ss✐♦♥ ✭❋❊❈✮ ✇❤✐❝❤ ✐♥❝❧✉❞❡s t❤♦s❡ ✇❤♦ ❡✐t❤❡r r❡❣✐st❡r❡❞ ✇✐t❤ t❤❡ ❋❊❈ ♦r ✇❤♦s❡ ♥❛♠❡ ✐s
♠❡♥t✐♦♥❡❞ ♦♥ t❤❡ st❛t❡ ❜❛❧❧♦t ❢♦r ❛♥ ❡❧❡❝t✐♦♥ t♦ t❤❡ ❯✳❙ ❙❡♥❛t❡ ♦r ❍♦✉s❡ ♦❢ ❘❡♣r❡s❡♥t❛t✐✈❡s ❢♦r t❤r❡❡ ❡❧❡❝t✐♦♥
❝②❝❧❡s ❢r♦♠ ✷✵✵✾ t♦ ✷✵✶✹✳✹ ❋♦r ❡❛❝❤ ♣♦❧✐t✐❝✐❛♥✱ ✇❡ ❝♦♠❜✐♥❡ ✇❡❡❦❧② ❞❛t❛ ♦♥ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s ✇✐t❤ ❞❛t❛
♦♥ ❚✇✐tt❡r ❛❝t✐✈✐t②✳ ❲❡ ❛❧s♦ ❛❝q✉✐r❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡❞✐❛
♠❡♥t✐♦♥s ♦♥ ●♦♦❣❧❡ ◆❡✇s ❛♥❞ ●♦♦❣❧❡ ❇❧♦❣s ♦❢ ❡❛❝❤ ❝❛♥❞✐❞❛t❡✳ ❋✐♥❛❧❧②✱ ✇❡ ❣❛t❤❡r ❞❛t❛ ❛❜♦✉t ❤♦✇ ❚✇✐tt❡r
✉s❛❣❡ ❝♦♠♣❛r❡s t♦ t❤❡ ✉s❛❣❡ ♦❢ ♦t❤❡r ✇❡❜s✐t❡s ✐♥ ❡❛❝❤ ❯❙ st❛t❡✱ ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ❝♦♠♣❛♥② ❝♦♠❙❝♦r❡✳
❙✉♠♠❛r② st❛t✐st✐❝s ❢♦r ✈❛r✐♦✉s ✈❛r✐❛❜❧❡s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡s ✶✳
❈❛♠♣❛✐❣♥ ❈♦♥tr✐❜✉t✐♦♥s ❛♥❞ ❊①♣❡♥❞✐t✉r❡s
❚❤❡ ♠❛✐♥ ❞❛t❛ s♦✉r❝❡ ❢♦r ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s ❢♦r ♦✉r st✉❞② ✐s t❤❡ ❋❡❞❡r❛❧ ❊❧❡❝t✐♦♥s ❈♦♠♠✐tt❡❡ ✭❋❊❈✮✱
✇❤✐❝❤ ♠❛❦❡s ❞❛t❛ ♦♥ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s ❢♦r ❡❛❝❤ ❝❛♥❞✐❞❛t❡ ♣✉❜❧✐❝❧② ❛✈❛✐❧❛❜❧❡✳ ❖✉r ❞❛t❛ ❢♦❝✉s❡s ♦♥ t❤❡
❝♦♥tr✐❜✉t✐♦♥s t♦ ❝❛♥❞✐❞❛t❡s✱ r❛t❤❡r t❤❛♥ t♦ P❆❈s ♦r ♦t❤❡r ♦r❣❛♥✐③❛t✐♦♥s✳ ■♥ ♠♦st ♣❛rts ♦❢ t❤❡ ❛♥❛❧②s✐s✱ ✇❡
❧✐♠✐t ♦✉r ❛tt❡♥t✐♦♥ t♦ ❞♦♥❛t✐♦♥s ✉♥❞❡r $1000 ✺✱ ❛s ❧❛r❣❡r ❞♦♥❛t✐♦♥s ❛r❡ ♠♦r❡ ❧✐❦❡❧② t♦ ❜❡ ❝❛✉s❡❞ ❜② ❞✐✛❡r❡♥t
♠♦t✐✈❛t✐♦♥s✳ ❚❤❡ ❞❛t❛ ❞❡t❛✐❧s t❤❡ ❛♠♦✉♥t ♦❢ ❡❛❝❤ ❝♦♥tr✐❜✉t✐♦♥✱ ✐ts ❞❛t❡✱ ❛♥❞ t❤❡ ♥❛♠❡ ♦❢ t❤❡ ❞♦♥♦r✳ ❋♦r t❤❡
s✉❜s❛♠♣❧❡ ♦❢ ❞♦♥❛t✐♦♥s ❜❡❧♦✇ ✩✶✵✵✵✱ t❤❡ ❛✈❡r❛❣❡ ❛♠♦✉♥t ♦❢ ❞♦♥❛t✐♦♥s ♣❡r ✇❡❡❦ ❢♦r ❛ ♣♦❧✐t✐❝✐❛♥ ✐s ✩✺✶✻ ❛♥❞
t❤❡ ♠❡❞✐❛♥ ❛♠♦✉♥t ✐s ✩✺✵✵✳ ❲❡ ✉s❡ ❞♦♥❛t✐♦♥s ❛❣❣r❡❣❛t❡❞ ❛t t❤❡ ♣♦❧✐t✐❝✐❛♥✲✇❡❡❦ ❧❡✈❡❧✳
❚❤❡ s♦✉r❝❡ ♦❢ ❞❛t❛ ❢♦r t❤❡ ❝❛♠♣❛✐❣♥ ❡①♣❡♥s❡s ✐s t❤❡ ❈❡♥t❡r ❢♦r ❘❡s♣♦♥s✐✈❡ P♦❧✐t✐❝s ✭♦♣❡♥s❡❝r❡ts✳♦r❣✮✳
❚❤❡ s✐t❡ ❧✐sts t❤❡ ❡①❛❝t ❞❛t❡ ❢♦r ❡❛❝❤ ♣✐❡❝❡ ♦❢ ❡①♣❡♥❞✐t✉r❡ ♠❛❞❡ ❜② ❡❛❝❤ ❝❛♥❞✐❞❛t❡✱ ❛♥❞ ✇❡ ✉s❡ t❤❡ ❛❣❣r❡❣❛t❡❞
✇❡❡❦❧② ❝❛♠♣❛✐❣♥ ❡①♣❡♥s❡s ♦❢ t❤❡ ❝❛♥❞✐❞❛t❡ ❛s ❛ ✈❛r✐❛❜❧❡ ✐♥ ♦✉r ❛♥❛❧②s✐s✳
❚✇✐tt❡r ❆❝❝♦✉♥t ❖♣❡♥✐♥❣
❋♦r ❡❛❝❤ ♣♦❧✐t✐❝✐❛♥ ✐♥ ♦✉r ❧✐st✱ ✇❡ ❝♦❧❧❡❝t ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡✐r ❚✇✐tt❡r ❛❝t✐✈✐t②✳✻ ❲❡ ❝♦♠❜✐♥❡ ❛♥ ❛✉t♦♠❛t❡❞
s❝r✐♣t ✇✐t❤ ❛ ♠❛♥✉❛❧ ❝❤❡❝❦ t♦ ❣❛t❤❡r ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ✇❤❡t❤❡r ❛ ♣♦❧✐t✐❝✐❛♥ ❤❛s ❚✇✐tt❡r ❛❝❝♦✉♥t ♦r ♥♦t ❛♥❞
✐❢ t❤❡r❡ ✐s ♦♥❡✱ ✇❡ ❝♦❧❧❡❝t ❛ ✈❛r✐❡t② ♦❢ ❞❛t❛ r❡❧❛t❡❞ t♦ ✐t✳ ❲❡ ✐❞❡♥t✐❢② t❤❡ ❞❛t❡ t❤❛t t❤❡ ❛❝❝♦✉♥t ✇❛s ✜rst
❛❝t✐✈❛t❡❞ ❛♥❞ s✉♣♣❧❡♠❡♥t ✐t ❜② ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ t✇❡❡ts✱ r❡✲t✇❡❡ts✱ t❤❡ t❡①t ♦❢ ❛❧❧ t❤❡ t✇❡❡ts ❛s
✇❡❧❧ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ❢♦❧❧♦✇❡rs✳
✹❊❧❡❝t✐♦♥s ❛r❡ ❤❡❧❞ ❡✈❡r② t✇♦ ②❡❛rs ✐♥ ❡✈❡♥✲♥✉♠❜❡r❡❞ ②❡❛rs✳
✺❲❡ ❛❧s♦ st✉❞② ❞♦♥❛t✐♦♥s ❜❡t✇❡❡♥ ✩✶✵✵✵ ❛♥❞ ✩✸✵✵✵✱ ✐♥ ❙❡❝t✐♦♥ ✻✳
✻❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ♣r♦❝❡ss ✐s ❣✐✈❡♥ ✐♥ t❤❡ ❉❛t❛ ❆♣♣❡♥❞✐①✳
✽
❋✐❣✉r❡ ✶ ❞❡♠♦♥str❛t❡s t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞❛t❡ ♦❢ ❚✇✐tt❡r ❛❝❝♦✉♥t ♦♣❡♥✐♥❣ ❢♦r t❤❡ ♣♦❧✐t✐❝✐❛♥s ❜❡❢♦r❡
✷✵✶✹ ❝❛♠♣❛✐❣♥✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ s❤♦✇s t❤❛t ❡♥tr② ♦♥ ❚✇✐tt❡r t❛❦❡s ♣❧❛❝❡ ❝♦♥t✐♥✉♦✉s❧② ❜❡t✇❡❡♥ ✷✵✵✾ ❛♥❞
✷✵✶✹✱ ❛♥❞ t❤❡r❡ ✇❛s ❛❧♠♦st ♥♦ ❡♥tr② ❜❡❢♦r❡ ✷✵✵✾✳ ❙✉❜st❛♥t✐❛❧ ✈❛r✐❛t✐♦♥ ✐♥ ❡♥tr② ❞❛t❡s r❡❞✉❝❡s t❤❡ ❝♦♥❝❡r♥
t❤❛t ♣♦❧✐t✐❝✐❛♥s✬ ❡♥tr② ♠❛② ❝♦rr❡❧❛t❡ ✇✐t❤ t❤❡ t✐♠✐♥❣ ♦❢ ❛ ❢❡✇ s♣❡❝✐✜❝ ❡✈❡♥ts✳ ◆♦t❡ ❛❧s♦ t❤❛t ♠❛♥② ♦❢ ❡♥tr✐❡s
❤❛♣♣❡♥ ♦✉ts✐❞❡ tr❛❞✐t✐♦♥❛❧ ❝❛♠♣❛✐❣♥ ♣❡r✐♦❞s✳ ❚♦ ❢✉rt❤❡r r❡❞✉❝❡ t❤❡ ❝♦♥❝❡r♥ t❤❛t ❞♦♥❛t✐♦♥s ❛r❡ ✐♥✢✉❡♥❝❡❞
❜② ♦t❤❡r ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s t❤❛♥ ❚✇✐tt❡r ❛❝❝♦✉♥t ♦♣❡♥✐♥❣✱ ✇❡ ❞r♦♣ ❛♥② ❚✇✐tt❡r ❛❝❝♦✉♥t ✇❤✐❝❤ ❤❛s ✏✷✵✶✵✑✱
✏✷✵✶✷✑✱ ✏✷✵✶✹✑ ♦r ✏✹✑ ✭❡✳❣✳✱ ✏❅❝❤✐♣✹❝♦♥❣r❡ss✑✱ ✏❅▼❈❛r❡②✷✵✶✷✑✮ ✐♥ t❤❡ ❤❛♥❞❧❡ str✐♥❣ ✇❤✐❝❤ ♠❛② ✐♥❞✐❝❛t❡ t❤❛t
✐t ✇❛s st❛rt❡❞ ❢♦r ❛♥ ✉♣❝♦♠✐♥❣ ❝❛♠♣❛✐❣♥✳
❚✇✐tt❡r P❡♥❡tr❛t✐♦♥
❲❡ ❝♦❧❧❡❝t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ✉s❡ ♦❢ ❚✇✐tt❡r r❡❧❛t✐✈❡ t♦ ♦t❤❡r s✐t❡s ❜② t❤❡ ❣❡♥❡r❛❧ ♣♦♣✉❧❛t✐♦♥ ✐♥ t❤❡ ❯✳❙✳
❜② ❝r❡❛t✐♥❣ ❛ ♣❡♥❡tr❛t✐♦♥ ♠❡❛s✉r❡✳ ❲❡ ❝♦♥str✉❝t t❤✐s ♠❡tr✐❝ ❜② ✉s✐♥❣ ❞❛t❛ ❢r♦♠ ❝♦♠❙❝♦r❡ ✐♥t❡r♥❡t ❜r♦✇s✐♥❣
❞❛t❛✳ ❚❤❡ ❞❛t❛s❡t ♣r♦✈✐❞❡s ❛ ♣❛♥❡❧ ♦❢ ✜❢t② t❤♦✉s❛♥❞ ❤♦✉s❡❤♦❧❞s ✇❤♦ ❤❛✈❡ ❜❡❡♥ tr❛❝❦❡❞ ✐♥ t❤❡✐r ♦♥❧✐♥❡
❛❝t✐✈✐t✐❡s t❤r♦✉❣❤♦✉t t❤❡ ♣❡r✐♦❞ ♦❢ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥✳ ❊❛❝❤ ❤♦✉s❡❤♦❧❞✬s ❜r♦✇s✐♥❣ ❛❝t✐✈✐t✐❡s ❛r❡ tr❛❝❦❡❞ t❤r♦✉❣❤
❛ ♠❛❝❤✐♥❡ ❛♥❞ ❛❧❧ ❜r♦✇s✐♥❣ ♦❢ ✇❡❜s✐t❡s ✐s r❡❝♦r❞❡❞✳ ❚❤✐s ❛❧❧♦✇s ✉s t♦ ❝r❡❛t❡ ❛ ♠❡❛s✉r❡ ♦❢ ❡♥❣❛❣❡♠❡♥t ✇✐t❤
❚✇✐tt❡r r❡❧❛t✐✈❡ t♦ ❛❧❧ s✐t❡s✱ ✇❤✐❝❤ ✇❡ r❡❢❡r t♦ ❛s ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✇❤✐❝❤ ✐s ❛❣❣r❡❣❛t❡❞ ❛t t❤❡ st❛t❡✲②❡❛r
❧❡✈❡❧✳ ❋♦r♠❛❧❧②✿
❚✇✐tt❡r P❡♥❡tr❛t✐♦♥ =
◆✉♠❜❡r ♦❢ ❙✐t❡ ❱✐s✐ts t♦ ❚✇✐tt❡r
◆✉♠❜❡r ♦❢ ❱✐s✐ts t♦ ❆❧❧ ❲❡❜s✐t❡s
❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ♣❧❛②s ❛ s✐❣♥✐✜❝❛♥t r♦❧❡ ✐♥ ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ✇❤✐❝❤ ✇❡ ✇✐❧❧ ❞❡t❛✐❧ s✉❜s❡q✉❡♥t❧②✳
◆♦t❡ t❤❛t✱ ✇❡ ♥♦r♠❛❧✐③❡ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ s♦ t❤❛t ♠❡❛♥ ♣❡♥❡tr❛t✐♦♥ ✐s ❡q✉❛❧ t♦ ✶ ✭✇✐t❤ t❤❡ ♠❡❞✐❛♥
♣❡♥❡tr❛t✐♦♥ ❜❡✐♥❣ ✵✳✾✾ ✲ ❝❧♦s❡ t♦ t❤❡ ♠❡❛♥ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥✮✳
❯♥❢♦rt✉♥❛t❡❧②✱ ✇❡ ✇❡r❡ ♥♦t ❛❜❧❡ t♦ ♦❜t❛✐♥ ❞❛t❛ ♦♥ ✇❡❜s✐t❡ ✈✐s✐ts ❢r♦♠ ♠♦❜✐❧❡ ❞❡✈✐❝❡s✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ❛r❡
r❡❛s♦♥s t♦ t❤✐♥❦ t❤❛t ♠♦❜✐❧❡ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✐s str♦♥❣❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ❞❡s❦t♦♣ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥
◆❡✇s ❛♥❞ ❇❧♦❣❣✐♥❣ ❉❛t❛
❋♦r ❡❛❝❤ ♣♦❧✐t✐❝✐❛♥ ♦♥ ♦✉r ❧✐st✱ ✇❡ ❝♦❧❧❡❝t ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡❞✐❛ ♠❡♥t✐♦♥s ❢♦r ❛ ✇✐♥❞♦✇ ♦❢
t❡♥ ✇❡❡❦s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡② st❛rt❡❞ ✉s✐♥❣ ❚✇✐tt❡r✳ ❲❡ r✉♥ ❛ s❡❛r❝❤ ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ t✐♠❡s ❤✐s ♦r ❤❡r
♥❛♠❡ ❤❛s ❛♣♣❡❛r❡❞ ✐♥ ●♦♦❣❧❡ ◆❡✇s ❛♥❞ ●♦♦❣❧❡ ❇❧♦❣s✳ ❲❡ ✉s❡ t❤✐s ✐♥❢♦r♠❛t✐♦♥ t♦ ❝❤❡❝❦ ✇❤❡t❤❡r t❤❡r❡
❛r❡ s②st❡♠❛t✐❝❛❧❧② ♠♦r❡ ♠❡❞✐❛ ♠❡♥t✐♦♥s ♦❢ ❛ ♣♦❧✐t✐❝✐❛♥ ❛r♦✉♥❞ t❤❡ t✐♠❡ ❤❡r ❚✇✐tt❡r ❛❝❝♦✉♥t ✐s st❛rt❡❞✳ ■❢
t❤❡r❡ ❛r❡ ✈❛r✐♦✉s ♦t❤❡r ❡✈❡♥ts r❡❧❛t❡❞ t♦ ❛ ♣♦❧✐t✐❝✐❛♥✬s ❝❛♠♣❛✐❣♥ ✇❤✐❝❤ ❝♦✉❧❞ ❛✛❡❝t t❤❡ ❛♠♦✉♥t ♦❢ ❞♦♥❛t✐♦♥s
❣❡♥❡r❛t❡❞ t❤❡♥ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡❞✐❛ ♠❡♥t✐♦♥s s❤♦✉❧❞ ❝❛♣t✉r❡ ✐t✳ ❚❤✉s✱ ✇❡ ❝❛♥ t❡st ✇❤❡t❤❡r ♦✉r r❡s✉❧ts ❛r❡
❞r✐✈❡♥ ❜② s♦♠❡ ♦t❤❡r ❡✈❡♥ts ✇❤✐❝❤ ❤❛♣♣❡♥ ❛t t❤❡ s❛♠❡ t✐♠❡ ❛s ❡♥tr② t♦ ❚✇✐tt❡r✳
P♦❧✐t✐❝✐❛♥ ❉❛t❛
❲❡ ❝♦❧❧❡❝t ❛❞❞✐t✐♦♥❛❧ ❞❛t❛ ❛❜♦✉t t❤❡ ♣♦❧✐t✐❝✐❛♥s ✉s✐♥❣ t✇♦ ❞✐✛❡r❡♥t ❞❛t❛ s♦✉r❝❡s✳ ❚❤❡ ✜rst s♦✉r❝❡ ✐s ❋❊❈✱
❛♥❞ t❤❡ s❡❝♦♥❞ ✐s ❱♦t❡❙♠❛rt ❞❛t❛❜❛s❡✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡✐r ❛❣❡✱ ❡❞✉❝❛t✐♦♥✱ ✐♥❝♦♠❡✱ ❛♥❞
✈♦t✐♥❣ ❤✐st♦r②✳
✾
❚❤r♦✉❣❤♦✉t t❤❡ ❡♠♣✐r✐❝❛❧ s❡❝t✐♦♥✱ ✇❡ ❡①t❡♥s✐✈❡❧② ✉s❡ t❤❡ ❞✐✈✐s✐♦♥ ♦❢ ♣♦❧✐t✐❝✐❛♥s ✐♥t♦ ❵♥❡✇✬ ♦♥❡s ❛♥❞
❵❡①♣❡r✐❡♥❝❡❞✬ ♦♥❡s✳ ❆ ♣♦❧✐t✐❝✐❛♥ ✐s ❵♥❡✇✬ ✐❢ s❤❡ ✇❛s ♥❡✈❡r ❡❧❡❝t❡❞ t♦ ❈♦♥❣r❡ss ❜❡❢♦r❡✳ ■❢ t❤❡ ♣♦❧✐t✐❝✐❛♥ ❤❛s
❛❧r❡❛❞② ✇♦♥ ❛♥ ❡❧❡❝t✐♦♥ ✐♥ t❤❡ ♣❛st✱ t❤❡♥ s❤❡ ✐s ❝❧❛ss✐✜❡❞ ❛s ❵❡①♣❡r✐❡♥❝❡❞✬✳ ❲❡ ❛❧s♦ ✉s❡ t❤❡ ♠♦r❡ tr❛❞✐t✐♦♥❛❧
❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ✐♥❝✉♠❜❡♥ts ❛♥❞ ❝❤❛❧❧❡♥❣❡rs✳ ◆♦t❡ t❤❛t ❛ ❝❤❛❧❧❡♥❣❡r ❝♦✉❧❞ ❜❡ ❛♥ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥ ✐❢ s❤❡
✇❛s ❡❧❡❝t❡❞ t♦ ❈♦♥❣r❡ss ❜❡❢♦r❡✳ ❲❡ ♣r❡s❡♥t s✉♠♠❛r② st❛t✐st✐❝s s❡♣❛r❛t❡❧② ❢♦r ❡①♣❡r✐❡♥❝❡❞ ❛♥❞ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s
✐♥ ❚❛❜❧❡ ✷✳
❖t❤❡r ✈❛r✐❛❜❧❡s
❋✐♥❛❧❧②✱ ✇❡ ❛❧s♦ ✉s❡ ❞❛t❛ ♦♥ ❞❡♠♦❣r❛♣❤✐❝s ❛t t❤❡ st❛t❡ ❧❡✈❡❧ s✉❝❤ ❛s ❤♦✉s❡❤♦❧❞ ✐♥❝♦♠❡✱ s❤❛r❡ ♦❢ r✐❝❤ ✭✐✳❡✳
s❤❛r❡ ♦❢ ❤♦✉s❡❤♦❧❞s ✇✐t❤ ♦✈❡r ✷✺✵❑ ✐♥❝♦♠❡✮✱ s❤❛r❡ ✇✐t❤ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥✱ ❛♥❞ s❤❛r❡ ♦❢ ❆❢r✐❝❛♥✲❆♠❡r✐❝❛♥
♣♦♣✉❧❛t✐♦♥ ❢r♦♠ t❤❡ ❈❡♥s✉s✱ ❛❣❣r❡❣❛t❡❞ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳ ❲❡ ✉s❡ ❞❛t❛ ♦♥ ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥ ♣❡r ❝❛♣✐t❛
❢r♦♠ t❤❡ ❆♠❡r✐❝❛♥ ❆ss♦❝✐❛t✐♦♥ ♦❢ ◆❡✇s♣❛♣❡rs✳ ❲❡ ❛❧s♦ ✉s❡ ❞❛t❛ ♦♥ t❤❡ ✈♦t❡ s❤❛r❡ r❡❝❡✐✈❡❞ ❜② ●❡♦r❣❡ ❲✳
❇✉s❤ ✐♥ ✷✵✵✹ Pr❡s✐❞❡♥t✐❛❧ ❡❧❡❝t✐♦♥s ❢r♦♠ ✉s❡❧❡❝t✐♦♥❛t❧❛s✳♦r❣✳
❲❡ ❝♦❧❧❡❝t❡❞ ❞❛t❛ ♦♥ ❞❛t❡s ♦❢ t❤❡ ✜rst ♣✉❜❧✐❝ ♣♦st ♦♥ ❋❛❝❡❜♦♦❦ ❢♦r ❛❧❧ t❤❡ ♣♦❧✐t✐❝✐❛♥s ✐♥ ♦✉r ❧✐st✳ ❲❡ t❤❡♥
❝r❡❛t❡ ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ♦♥❡ ✐❢ ❛ ♣♦❧✐t✐❝✐❛♥ ❤❛❞ ♦♣❡♥❡❞ ❛ ❋❛❝❡❜♦♦❦ ❛❝❝♦✉♥t ❜❡❢♦r❡ ❥♦✐♥✐♥❣ ❚✇✐tt❡r✱
❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡ ✭✐✳❡✳ ❢♦r ♣♦❧✐t✐❝✐❛♥s ✇✐t❤ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t✮✳
✺ ❚❤❡ ❊♠♣✐r✐❝❛❧ ❋r❛♠❡✇♦r❦
✺✳✶ ❊♠♣✐r✐❝❛❧ ❍②♣♦t❤❡s❡s
❇❛s❡❞ ♦♥ t❤❡ s✐♠♣❧❡ ❢r❛♠❡✇♦r❦ ❤✐❣❤❧✐❣❤t❡❞ ✐♥ t❤❡ ♠♦❞❡❧✱ ❛ ♥✉♠❜❡r ♦❢ ❤②♣♦t❤❡s❡s ❝❛♥ ❜❡ ❞❡r✐✈❡❞✳
✭✶✮ P♦❧✐t✐❝✐❛♥s✱ ♦♥ ❛✈❡r❛❣❡✱ ❝❛♥ ♣♦t❡♥t✐❛❧❧② ✐♥❝r❡❛s❡ t❤❡✐r ❞♦♥❛t✐♦♥s ❜② ❥♦✐♥✐♥❣ ❚✇✐tt❡r s✐♥❝❡ ✐t s❡r✈❡s ❛s
❛♥ ❛❞❞✐t✐♦♥❛❧ ❝❤❛♥♥❡❧ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥✳
✭✷✮ ❚❤❡ ❣❛✐♥ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❢r♦♠ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ✇✐❧❧ ❜❡ ❤✐❣❤❡r r❡❧❛t✐✈❡ t♦ ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s
❞✉❡ t♦ ❜❡✐♥❣ r❡❧❛t✐✈❡❧② ✉♥❦♥♦✇♥ ✐♥✐t✐❛❧❧②✳
✭✸✮ ❚❤❡ ❣❛✐♥ ❢r♦♠ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ✐s ❤✐❣❤❡r ❢♦r ♣♦❧✐t✐❝✐❛♥s ✇❤♦ t✇❡❡t ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡❧②✳
✭✹✮ ❙t❛t❡s ✇✐t❤ ❤✐❣❤❡r ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✇✐❧❧ ❝♦♥tr✐❜✉t❡ ♠♦r❡ t♦ ♣♦❧✐t✐❝✐❛♥s ❥♦✐♥✐♥❣ ❚✇✐tt❡r✳
❖✉r ♠❛✐♥ ❡♠♣✐r✐❝❛❧ ❤②♣♦t❤❡s✐s ✐s t❤❛t ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❥♦✐♥ ❚✇✐tt❡r ❣❛✐♥ ❛❝❝❡ss t♦ ❛♥ ❛❞❞✐t✐♦♥❛❧✱ r❡❧❛t✐✈❡❧②
✐♥❡①♣❡♥s✐✈❡ ❝❤❛♥♥❡❧ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ t❤❡✐r ❡❧❡❝t♦r❛t❡✳ ❆s ❛ r❡s✉❧t✱ s❡✈❡r❛❧ t❤✐♥❣s ❝♦✉❧❞ ❤❛♣♣❡♥✳ ❋✐rst✱
❚✇✐tt❡r ♠✐❣❤t ❤❡❧♣ t♦ ♣r♦✈✐❞❡ ♥❡✇ ✐♥❢♦r♠❛t✐♦♥ t♦ t❤❡ ♠❡♠❜❡rs ♦❢ ♣♦❧✐t✐❝✐❛♥✬s ❝♦♥st✐t✉❡♥❝②✳ ❚❤✐s ✐♥❢♦r♠❛t✐♦♥
❝❤❛♥♥❡❧ ✐s ♠♦r❡ ❧✐❦❡❧② t♦ ❤♦❧❞ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✳ ❙❡❝♦♥❞✱ ❚✇✐tt❡r ❝♦✉❧❞ ❛❧❧♦✇ ♣♦❧✐t✐❝✐❛♥s t♦ ❡♥❣❛❣❡ ✐♥ ♥♦♥✲
r❛t✐♦♥❛❧ ♣❡rs✉❛s✐♦♥✱ ♣♦t❡♥t✐❛❧❧② t❤r♦✉❣❤ r❡♣❡❛t❡❞ ✐♥t❡r❛❝t✐♦♥s t❤r♦✉❣❤ ♣♦❧✐t✐❝❛❧ ♠❡ss❛❣❡s ✇❤✐❝❤ ✐s ♠♦r❡ ❧✐❦❡❧②
t♦ ❤♦❧❞ ❢♦r ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❤❛✈❡ ❣r❡❛t❡r ❛❝❝❡ss t♦ t❤❡✐r ♣♦t❡♥t✐❛❧ ❞♦♥♦rs ❛❝r♦ss ❞✐✛❡r❡♥t
♠❡❞✐❛ ♣❧❛t❢♦r♠s✳ ■♥ ❛❧❧ t❤❡s❡ ❝❛s❡s✱ ✇❡ ❡①♣❡❝t ❚✇✐tt❡r t♦ ❛✛❡❝t t❤❡ ❜❡❤❛✈✐♦r ♦❢ ♣♦t❡♥t✐❛❧ ❞♦♥♦rs ✐♥ ❛ ♣♦s✐t✐✈❡
✇❛②✳ ❚♦ ✐♥✈❡st✐❣❛t❡ ♣♦t❡♥t✐❛❧ ❝❤❛♥♥❡❧s✱ ✇❡ ❛❧s♦ ❝❤❡❝❦ ✇❤❡t❤❡r t❤✐s ❤②♣♦t❤❡s✐s ❤♦❧❞s ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✱ ♥❡✇
❞♦♥♦rs✱ ❛♥❞ ✐♥ ❧❡ss s❛t✉r❛t❡❞ ✐♥❢♦r♠❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✳
❋✐❣✉r❡ ✷ ❞❡♠♦♥str❛t❡s ❤♦✇ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s ❝❤❛♥❣❡ ✐♥ ❤✐❣❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ❛♥❞ ❧♦✇ ❚✇✐tt❡r ♣❡♥✲
❡tr❛t✐♦♥ st❛t❡s✱ ❝♦♥tr♦❧❧✐♥❣ ♦♥❧② ❢♦r ♣♦❧✐t✐❝✐❛♥ ❛♥❞ ✇❡❡❦ ✜①❡❞ ❡✛❡❝ts✱ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❚✇✐tt❡r ❡♥tr②✳ ❚❤❡r❡
✶✵
❛r❡ t✇♦ t❛❦❡❛✇❛② ♣♦✐♥ts ❢r♦♠ t❤✐s ✜❣✉r❡✳ ❋✐rst✱ ❞♦♥❛t✐♦♥s ✐♥❝r❡❛s❡ ❛❢t❡r ❥♦✐♥✐♥❣ ❚✇✐tt❡r✱ ❜✉t ♥♦t ❜❡❢♦r❡✱ ❛♥❞
t❤✐s ❡✛❡❝t ✐s str♦♥❣❡r ✐♥ ♣❧❛❝❡s ✇✐t❤ ❤✐❣❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✳ ❙❡❝♦♥❞✱ t❤❡r❡ ✇❡r❡ ♥♦ s✐❣♥✐✜❝❛♥t ♣r❡✲tr❡♥❞s
✐♥ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❤✐❣❤ ❛♥❞ ❧♦✇ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ♣❧❛❝❡s ❜❡❢♦r❡ ❥♦✐♥✐♥❣ ❚✇✐tt❡r✳ ❖✈❡r❛❧❧✱ ❋✐❣✉r❡ ✷
✐❧❧✉str❛t❡s ♦✉r ♠❛✐♥ ♣♦✐♥t✿ t❤❡ ❡♥tr② t♦ ❚✇✐tt❡r ❤❡❧♣s ♣♦❧✐t✐❝✐❛♥s t♦ r❛✐s❡ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s✱ ❛♥❞ ♠♦r❡ s♦ ✐♥
❤✐❣❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ♣❧❛❝❡s✳
✺✳✷ ▼❛✐♥ ❙♣❡❝✐✜❝❛t✐♦♥
❚♦ st✉❞② ❤♦✇ ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t ✐♥✢✉❡♥❝❡s t❤❡ ❛♠♦✉♥t ♦❢ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞✱ ✇❡ ✉s❡ ❛
❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❛♣♣r♦❛❝❤ ❡①♣❧♦✐t✐♥❣ t❤❡ ♣r❡❝✐s❡ t✐♠✐♥❣ ♦❢ ❡♥tr② ♦♥ ❚✇✐tt❡r✳ ❚❤❡ ♠❛✐♥ s♣❡❝✐✜❝❛t✐♦♥
✇❡ ❡st✐♠❛t❡ ✐s✿
DonationOutcomeit = αim + θ1Entryit + θ2Entryit × Penetsy + θ3Entryit ×Xs + θ4log (Expendituresit) + θ5t+ ǫit ✭✶✮
✇❤❡r❡ i ✐s t❤❡ ✐♥❞❡① ❢♦r ♣♦❧✐t✐❝✐❛♥s✱ t ✐s ❛ ✇❡❡❦ ❧❡✈❡❧ t✐♠❡ ✐♥❞❡①✱ s ✐s t❤❡ ✐♥❞❡① ❢♦r st❛t❡✳ DonationOutcomeit
✇✐❧❧ r❡♣r❡s❡♥t ✈❛r✐♦✉s ✇❛②s ♦❢ ♠❡❛s✉r✐♥❣ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ❜② ♣♦❧✐t✐❝✐❛♥ i ✐♥ ✇❡❡❦ t✱ s✉❝❤ ❛s t❤❡ ❧♦❣ ♦❢
❛❣❣r❡❣❛t❡ ❞♦❧❧❛r ✈❛❧✉❡ ♦❢ ❞♦♥❛t✐♦♥s ❛♥❞ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ r❡❝❡✐✈✐♥❣ ❛t ❧❡❛st ♦♥❡ ❞♦♥❛t✐♦♥✳ Entryit ✐s ❛
❜✐♥❛r② ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ✶ ✐❢ ♣♦❧✐t✐❝✐❛♥ i ❤❛s ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t ✐♥ ✇❡❡❦ t ❛♥❞ ✵ ♦t❤❡r✇✐s❡✳ Penetsy ✐s t❤❡
❧❡✈❡❧ ♦❢ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ♦r ✉s❛❣❡ ✐♥ ❡❛❝❤ st❛t❡ s ✇❤✐❝❤ ✇❡ ❛❣❣r❡❣❛t❡ ❛t t❤❡ ❛♥♥✉❛❧ ❧❡✈❡❧ ✭❛♥❞ ❤❡♥❝❡ t❤❡
s✉❜s❝r✐♣t y✮✳ αim ✐s ❛ ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝t✳ Xs ✐s ❛ s❡t ♦❢ ❝♦♥tr♦❧s ✐♥❝❧✉❞✐♥❣ ❛✈❡r❛❣❡ ❡❞✉❝❛t✐♦♥ ✐♥
st❛t❡✱ ♠❡❞✐❛♥ ✐♥❝♦♠❡✱ ♣❡r❝❡♥t r✐❝❤ ✭✐✳❡✳✱ ❤♦✉s❡❤♦❧❞s ✇✐t❤ ❛♥♥✉❛❧ ✐♥❝♦♠❡ ♦❢ ♦✈❡r $✷✺✵✱✵✵✵ ♦r ♠♦r❡✮✱ ♣❡r❝❡♥t
✈♦t✐♥❣ ❢♦r ❇✉s❤ ✐♥ t❤❡ ✷✵✵✹ ❡❧❡❝t✐♦♥s✱ ❛♥❞ r❛❝❡ ✭♣❡r❝❡♥t❛❣❡ ♦❢ t❤❡ ❆❢r✐❝❛♥✲❆♠❡r✐❝❛♥s✮✱ ❛❧❧ ✐♥t❡r❛❝t❡❞ ✇✐t❤
❚✇✐tt❡r ❡♥tr②✳ Expendituresit ✐s ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s ❜② ♣♦❧✐t✐❝✐❛♥ i ❞✉r✐♥❣ ✇❡❡❦ t✳ ❲❡ ❞♦ ♥♦t ✐♥❝❧✉❞❡
❞✐r❡❝t ❡✛❡❝t ♦❢ Penetsy ❛s ✐t ✐s ♣❡r❢❡❝t❧② ❝♦❧❧✐♥❡❛r ✇✐t❤ ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts✳
❲❡ ❛❧❧♦✇ ❢♦r ✢❡①✐❜❧❡ ❝♦♥tr♦❧s ✐♥ ♦✉r s♣❡❝✐✜❝❛t✐♦♥s ✇✐t❤ ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts✳ P♦❧✐t✐❝✐❛♥✲♠♦♥t❤
✜①❡❞ ❡✛❡❝ts ❛❝❝♦✉♥t ❢♦r ✉♥♦❜s❡r✈❡❞ ❞✐✛❡r❡♥❝❡s ✐♥ ❛ ♣♦❧✐t✐❝✐❛♥✬s ❛❜✐❧✐t② t♦ ❛ttr❛❝t ❞♦♥❛t✐♦♥s✱ ❛♥❞ ✇❡ ❝♦♥tr♦❧ ❢♦r
t❤✐s ❜② ❛❧❧♦✇✐♥❣ t❤✐s ❛❜✐❧✐t② t♦ ✢✉❝t✉❛t❡ t❡♠♣♦r❛❧❧② ❢r♦♠ ♠♦♥t❤ t♦ ♠♦♥t❤✳ ❖✉r ✐❞❡♥t✐✜❝❛t✐♦♥ t❤❡r❡❢♦r❡ ❝♦♠❡s
❢r♦♠ ♣r❡❝✐s❡ t✐♠✐♥❣✱ ❛s ✇❡ ❡✛❡❝t✐✈❡❧② ❧♦♦❦ ❛t ❞♦♥❛t✐♦♥s ❥✉st ❜❡❢♦r❡ ❛♥❞ ❥✉st ❛❢t❡r ❚✇✐tt❡r ❡♥tr②✳ ◆♦t❡ t❤❛t
♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts r❡♠❛✐♥ ✉♥❝❤❛♥❣❡❞ q✉❛❧✐t❛t✐✈❡❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧② ✐❢ ✇❡ r❡♣❧❛❝❡ ❧✐♥❡❛r t✐♠❡ tr❡♥❞ ✇✐t❤
✇❡❡❦ ✜①❡❞ ❡✛❡❝ts✳✼ ❲❡ ❝❧✉st❡r st❛♥❞❛r❞ ❡rr♦rs ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ st❛t❡✱ t♦ ❛❝❝♦✉♥t ❢♦r ❜♦t❤ ❝r♦ss✲s❡❝t✐♦♥❛❧
❛♥❞ t✐♠❡✲s❡r✐❡s ✈❛r✐❛t✐♦♥✳
❖✉r ♠❛✐♥ ❝♦❡✣❝✐❡♥t ♦❢ ✐♥t❡r❡st ✐s θ2✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❡♥tr② ♦♥ ❚✇✐tt❡r ❛♥❞
♣❡♥❡tr❛t✐♦♥✳ ■❢ ❚✇✐tt❡r ✐♥❞❡❡❞ ❛❧❧♦✇s ♣♦❧✐t✐❝✐❛♥s t♦ s❤❛r❡ ♥❡✇ ✐♥❢♦r♠❛t✐♦♥ ✇✐t❤ t❤❡ ♠❡♠❜❡rs ♦❢ ❝♦♥st✐t✉❡♥❝②✱
✇❡ ❡①♣❡❝t t❤✐s ❝♦❡✣❝✐❡♥t t♦ ❜❡ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t✳
❲❡ ❞♦ ♥♦t ❝❧❛✐♠ t❤❛t t❤❡ ❞❡❝✐s✐♦♥ t♦ ❥♦✐♥ ❚✇✐tt❡r ✐s ❡①♦❣❡♥♦✉s ♦r t❛❦❡♥ ❝♦♠♣❧❡t❡❧② ❛t r❛♥❞♦♠✱ s✐♥❝❡ t❤✐s
❞❡❝✐s✐♦♥ ❝♦✉❧❞ ❜❡ ❞r✐✈❡♥ ❜② ❛ ❤♦st ♦❢ ❢❛❝t♦rs ✇❤✐❝❤ ✇❡ ❝❛♥♥♦t ❢✉❧❧② ♦❜s❡r✈❡✳ ❖✉r ✐❞❡♥t✐✜❝❛t✐♦♥ r❛t❤❡r ❛ss✉♠❡s
♣❛r❛❧❧❡❧ tr❡♥❞s✱ ✐✳❡✳✱ t❤❛t t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s✱ ✉♥❡①♣❧❛✐♥❡❞ ❜② ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts✱
✇♦✉❧❞ r❡♠❛✐♥ t❤❡ s❛♠❡ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❚✇✐tt❡r ❡♥tr② ❛❝r♦ss st❛t❡s ♦❢ ❤✐❣❤ ❛♥❞ ❧♦✇ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✳
❲❡ ✉s❡ ❛ ✈❛r✐❡t② ♦❢ ♣❧❛❝❡❜♦ ❝❤❡❝❦s t♦ ❝❤❡❝❦ t❤❡ ❝r❡❞✐❜✐❧✐t② ♦❢ t❤✐s ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥✳ ❖♥❡ ♣♦t❡♥t✐❛❧
✼❙❡❡ t❛❜❧❡s ❆✶✷ ❛♥❞ ❆✶✸ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳
✶✶
✐ss✉❡ ✇✐t❤ ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ♠✐❣❤t ❜❡ ♦t❤❡r ❡✈❡♥ts ❤❛♣♣❡♥✐♥❣ s✐♠✉❧t❛♥❡♦✉s❧② ✇❤✐❝❤ ✇♦✉❧❞ ❞r✐✈❡
❜♦t❤ t❤❡ ❚✇✐tt❡r ❡♥tr② ✐♥ ❛r❡❛s ♦❢ ❤✐❣❤ ❛♥❞ ❧♦✇ ♣❡♥❡tr❛t✐♦♥ ❛s ✇❡❧❧ ❛s ❞♦♥❛t✐♦♥s t♦ t❤❡ ♣♦❧✐t✐❝✐❛♥s✳ ■❢
t❤✐s ✐s tr✉❡ ❛♥❞ t❤❡ ♣♦❧✐t✐❝✐❛♥ ✐s ✐♥✈♦❧✈❡❞ ✐♥ ♠✉❧t✐♣❧❡ ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s✱ t❤✐s ✐s ❧✐❦❡❧② t♦ r❡✢❡❝t ♦♥ t❤❡
❝❛♠♣❛✐❣♥ ❡①♣❡♥s❡s r❡♣♦rt❡❞ t♦ ❋❊❈✳ ❲❡ t❡st ✇❤❡t❤❡r ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s s❤♦✇ ❛ s♣✐❦❡ ❛r♦✉♥❞ t❤❡ t✐♠❡
♦❢ ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t✳ ❲❡ ✉s❡ t❤❡ ♠❛♥❞❛t♦r② ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡ ❞❛t❛ ❞✐s❝❧♦s❡❞ t♦ ❋❊❈ ❜② t❤❡
❝❛♥❞✐❞❛t❡✳ ❚❤❡s❡ ❡①♣❡♥❞✐t✉r❡s ♠❛② r❡❧❛t❡ t♦ ❛❝t✐✈✐t✐❡s ♦♥ t❤❡ ❝❛♠♣❛✐❣♥ tr❛✐❧ s✉❝❤ ❛s ✈✐s✐ts t♦ t♦✇♥s✱ ♦r ❛
❚❱ ♦r ♥❡✇s♣❛♣❡r ❛❞✈❡rt✐s❡♠❡♥t ♣✉r❝❤❛s❡s✳
❆s ❛♥♦t❤❡r ❝❤❡❝❦ t♦ t❡st ❢♦r ♦t❤❡r ❡✈❡♥ts ✇❤✐❝❤ ♠❛② ❝♦✐♥❝✐❞❡ ✇✐t❤ ❛❞♦♣t✐♥❣ ❚✇✐tt❡r✱ ✇❡ ❧♦♦❦ ❛t t❤❡
❝♦✈❡r❛❣❡ ♦❢ ♣♦❧✐t✐❝✐❛♥s ✐♥ t❤❡ ♥❡✇s ♠❡❞✐❛✳ ❆♥② r❡♣♦rt ♦r ❢❡❛t✉r❡ ♦❢ t❤❡ ❝❛♥❞✐❞❛t❡ ❜② t❤❡ tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛
❝♦✐♥❝✐❞✐♥❣ ✇✐t❤ t❤❡ ♦♣❡♥✐♥❣ ♦❢ ❛ ❚✇✐tt❡r ♠❛② ✐♥✢✉❡♥❝❡ ❞♦♥❛t✐♦♥s ♦r ❜❡ ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ s♦♠❡ ✉♥♦❜s❡r✈❡❞
❡✈❡♥t s✐♠✉❧t❛♥❡♦✉s❧② ❛✛❡❝t✐♥❣ ❜♦t❤✳ ❯s✐♥❣ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❢r♦♠ ●♦♦❣❧❡ ◆❡✇s ❛♥❞ ●♦♦❣❧❡ ❇❧♦❣s✱ ✇❡ t❡st
✇❤❡t❤❡r t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♦r t❤❡ ❜❧♦❣s ✇❤✐❝❤ ♠❡♥t✐♦♥ ❛ ❝❛♥❞✐❞❛t❡ ✐♥❝r❡❛s❡ ❞✐s❝♦♥t✐♥✉♦✉s❧② ❛r♦✉♥❞ t❤❡
t✐♠❡ ♦❢ ♦♣❡♥✐♥❣ ❛♥ ❛❝❝♦✉♥t✳
❖✉r ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥ ✇♦✉❧❞ ❛❧s♦ ❜❡ ✈✐♦❧❛t❡❞ ✐❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ r❡❣✐♦♥s ✇❤✐❝❤ ♠❛❦❡s
✐♥❞✐✈✐❞✉❛❧s s♣❡♥❞ ❛ ❤✐❣❤❡r ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡✐r ♦♥❧✐♥❡ ✈✐s✐ts ❛❧s♦ ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡✐r t❡♥❞❡♥❝② t♦ ❞♦♥❛t❡✳ ❚♦
❝❤❡❝❦ ❢♦r ❛♥② s②st❡♠❛t✐❝ ❞✐✛❡r❡♥❝❡s✱ ✇❡ r❡❣r❡ss ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s ♦♥ ❛ s❡t ♦❢ ❞❡♠♦❣r❛♣❤✐❝ ❝❤❛r❛❝t❡r✐st✐❝s
✐♥❝❧✉❞❡❞ ✐♥ X✱ ✐♥t❡r❛❝t❡❞ ✇✐t❤ ❛ ❞✉♠♠② ❢♦r ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r✳
✻ ❇❛s❡❧✐♥❡ ❘❡s✉❧ts✱ P❧❛❝❡❜♦s ❛♥❞ ▼❡❝❤❛♥✐s♠s
✻✳✶ ❇❛s❡❧✐♥❡ ❘❡s✉❧ts
❲❡ ❜❡❣✐♥ ♦✉r ❛♥❛❧②s✐s ✇✐t❤ t❤❡ ♠❛✐♥ s♣❡❝✐✜❝❛t✐♦♥ ✭✶✮ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ♦♥ t❤❡
❛❣❣r❡❣❛t❡ ✇❡❡❦❧② ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞✳ ❚❤❡ ♠❛✐♥ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ♦❢ ✐♥t❡r❡st ✐s t❤❡ ♣♦❧✐t✐❝✐❛♥✬s
♣r❡s❡♥❝❡ ♦♥ ❚✇✐tt❡r ✐♥t❡r❛❝t❡❞ ✇✐t❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❡st✐♠❛t✐♦♥ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥
❚❛❜❧❡ ✸✱ ✇✐t❤ s❡✈❡r❛❧ s❡ts ♦❢ ❝♦♥tr♦❧s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❡st✐♠❛t✐♦♥✳ ❆s ♦♥❡ ❝❛♥ s❡❡ ❢r♦♠ t❤✐s t❛❜❧❡✱ ♦✉r
♠❛✐♥ ❝♦❡✣❝✐❡♥t ♦❢ ✐♥t❡r❡st✱ ❤❛✈✐♥❣ ❛♥ ❛❝❝♦✉♥t ♦♥ ❚✇✐tt❡r ✐♥t❡r❛❝t❡❞ ✇✐t❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥✱ ✐s ♣♦s✐t✐✈❡
❛♥❞ s✐❣♥✐✜❝❛♥t ✐♥ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ✭❝♦❧✉♠♥s ✭✷✮✲✭✺✮✮✳ ❚❤❡
❝♦❡✣❝✐❡♥t r❡♠❛✐♥s st❛❜❧❡ ✐♥ ♠❛❣♥✐t✉❞❡ ✭✵✳✸✺✲✵✳✸✽✮ ❛s ❝♦♥tr♦❧s ❢♦r ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s✱ t✐♠❡ tr❡♥❞✱ ❛♥❞
❝❡♥s✉s ❝♦♥tr♦❧s ✐♥t❡r❛❝t❡❞ ✇✐t❤ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❛r❡ ❛❞❞❡❞✳ ❚❤❡ ❞✐r❡❝t ❡✛❡❝t ♦❢ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ❜❡❝♦♠❡s
✐♥s✐❣♥✐✜❝❛♥t ♦♥❝❡ t✐♠❡ tr❡♥❞ ✈❛r✐❛❜❧❡ ✐s ✐♥tr♦❞✉❝❡❞ ✭❝♦❧✉♠♥ ✹✮✳ ❚❤✐s ♠❡❛♥s t❤❛t ✐♥ ❛r❡❛s ✇✐t❤ ♥♦ ❚✇✐tt❡r
♣❡♥❡tr❛t✐♦♥✱ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ✐s ♥♦t ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❞♦♥❛t✐♦♥s✱ ❝♦♥s✐st❡♥t ✇✐t❤ ✇❤❛t ♦✉r t❤❡♦r②
♣r❡❞✐❝ts✳ ❈♦❧✉♠♥s ✭✻✮ ❛♥❞ ✭✼✮ ❡st✐♠❛t❡ ❡q✉❛t✐♦♥ ✭✶✮ s❡♣❛r❛t❡❧② ❢♦r t❤❡ s✉❜✲s❛♠♣❧❡s ♦❢ ♥❡✇ ❛♥❞ ❡①♣❡r✐❡♥❝❡❞
♣♦❧✐t✐❝✐❛♥s✳ ❈♦❧✉♠♥ ✭✻✮ s✉❣❣❡sts t❤❛t ❥♦✐♥✐♥❣ ❚✇✐tt❡r ✐s ❡s♣❡❝✐❛❧❧② ❤❡❧♣❢✉❧ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✱ ❝♦♥s✐st❡♥t ✇✐t❤
♦✉r t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥✳ ❍♦✇❡✈❡r✱ ✇❡ ❞♦ ♥♦t ✜♥❞ ❛♥② s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦❢ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ♦♥ ❞♦♥❛t✐♦♥s ❢♦r
❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✼✮✮ ❡✈❡♥ ✐♥ ❛r❡❛s ♦❢ ❤✐❣❤❡r ❚✇✐tt❡r ✉s❛❣❡✳ ❆ ♣♦t❡♥t✐❛❧ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤✐s
❞✐✛❡r❡♥❝❡ ✐s t❤❛t ♥❡✇ ♣♦❧✐t✐❝✐❛♥s t②♣✐❝❛❧❧② ❛r❡ ❛t ❛♥ ✐♥❢♦r♠❛t✐♦♥❛❧ ❞✐s❛❞✈❛♥t❛❣❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❡①♣❡r✐❡♥❝❡❞
♣♦❧✐t✐❝✐❛♥s✳
❲❡ ❞♦ s♦♠❡ ❜❛❝❦ ♦❢ t❤❡ ❡♥✈❡❧♦♣❡ ❝❛❧❝✉❧❛t✐♦♥s t♦ ✐♥t❡r♣r❡t t❤❡ ♠❛❣♥✐t✉❞❡s ✐♥ ♦✉r r❡❣r❡ss✐♦♥s✳ ❲❡ ✐♥❝❧✉❞❡
✶✷
❜♦t❤ t❤❡ ❝❛♠♣❛✐❣♥ ❛♥❞ ♥♦♥✲❝❛♠♣❛✐❣♥ ♣❡r✐♦❞s ✐♥ ♦✉r ❡st✐♠❛t✐♦♥✱ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ❞♦♥❛t✐♦♥ ♣❡r ❝❛♥❞✐❞❛t❡
♣❡r ✇❡❡❦ ✐s ✩✶✱✺✸✹ ♣❡r ✇❡❡❦ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ❧❡♥❣t❤ ♦❢ t✐♠❡ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ❛❢t❡r ❥♦✐♥✐♥❣ t✐❧❧ t❤❡ ❡♥❞ ♦❢ t❤❡
♠♦♥t❤ ✐s ✷✳✼✾ ✇❡❡❦s ✭♥♦t❡ t❤❛t ♦♥❝❡ t❤❡ ♠♦♥t❤ ✐s ♦✈❡r✱ t❤❡ ❝♦❡✣❝✐❡♥t t❤❛t ✐♥❞✐❝❛t❡s ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ❢♦r ❛
♣♦❧✐t✐❝✐❛♥ ❜❡❝♦♠❡s ♣❡r❢❡❝t❧② ❝♦❧❧✐♥❡❛r ✇✐t❤ ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝t✮✳ ❯s✐♥❣ ♦✉r ❝♦❡✣❝✐❡♥t✱ t❤❡ ❜❛❝❦ ♦❢
t❤❡ ❡♥✈❡❧♦♣❡ ❝❛❧❝✉❧❛t✐♦♥ ②✐❡❧❞s ✩✶✱✺✸✹ × ✵✳✸✼✽ × ✷✳✼✾❂ ✩✶✱✻✶✽✳ ❍❡r❡ ✇❡ ♠❛❦❡ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r ❛♥ ❛✈❡r❛❣❡
♣♦❧✐t✐❝✐❛♥ ✐♥ ❛ ♣❧❛❝❡ ✇✐t❤ ♠❡❛♥ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✭✇❤✐❝❤ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ✶✮✳ ◆♦t❡ t❤❛t t❤✐s ♥✉♠❜❡r
✭✩✶✱✻✶✽✮ ✐s ❧✐❦❡❧② t♦ ❜❡ ❛♥ ✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t ♦❢ ❚✇✐tt❡r ♦♥ ❛❣❣r❡❣❛t❡ ❢✉♥❞s r❛✐s❡❞✱ ❛s ❚✇✐tt❡r
✐s ❧✐❦❡❧② t♦ ❝♦♥t✐♥✉❡ t♦ ❤❡❧♣ ♣♦❧✐t✐❝✐❛♥s r❡❝❡✐✈❡ ❞♦♥❛t✐♦♥s ❡✈❡♥ ❛❢t❡r t❤❡ ✜rst ♠♦♥t❤ ♦❢ ❛❞♦♣t✐♦♥✳ ❙✐♠✐❧❛r❧②✱
❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✱ ❛ s✐♠✐❧❛r ♥✉♠❜❡r ✐s ♦❜t❛✐♥❡❞ ❜② ♠✉❧t✐♣❧②✐♥❣ ✩✶✱✵✼✼ ✭❛✈❡r❛❣❡ ❞♦♥❛t✐♦♥ ♣❡r ✇❡❡❦✮ ✇✐t❤
✵✳✻✾ ✭t❤❡ ❝♦❡✣❝✐❡♥t ❢r♦♠ ❝♦❧✉♠♥ ✻✮ ❛♥❞ ✇✐t❤ ✷✳✼✾ ✇❡❡❦s✱ ✇❤✐❝❤ ②✐❡❧❞s ✩✷✱✵✼✽✳ ❖✈❡r❛❧❧✱ t❤❡s❡ r❡s✉❧ts s✉❣❣❡st
t❤❛t ❛❞♦♣t✐♥❣ ❛ ♥❡✇ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧ ❜② ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❧❡❛❞s t♦ ❛♥ ❛✈❡r❛❣❡ ✐♥❝r❡❛s❡ ♦❢ ✶✳✻✪ ✭❢♦r ❛❧❧
♣♦❧✐t✐❝✐❛♥s✮ ♦r ✷✳✻✪ ✭❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✮ ♦❢ t❤❡ t♦t❛❧ ❞♦♥❛t✐♦♥s ❜❡❧♦✇ ✩✶✱✵✵✵ r❛✐s❡❞ ♦✈❡r ❛ t✇♦ ②❡❛r ❝❛♠♣❛✐❣♥
♣❡r✐♦❞✳
❚❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✸ s✉❣❣❡st t❤❛t ♣♦❧✐t✐❝✐❛♥s ❛r❡ ❛❜❧❡ t♦ r❛✐s❡ ♠♦r❡ ♠♦♥❡② ❛❢t❡r ❥♦✐♥✐♥❣ ❚✇✐tt❡r✳ ❚❛❜❧❡
✹ t❡sts ✇❤❡t❤❡r s✐♠✐❧❛r r❡s✉❧ts ❤♦❧❞ ❛t t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥✱ ✐✳❡✳✱ ✐❢ ♣♦❧✐t✐❝✐❛♥s ❛r❡ ♠♦r❡ ❧✐❦❡❧② t♦ r❡❝❡✐✈❡
❞♦♥❛t✐♦♥s ✐♥ ❛ ❣✐✈❡♥ ✇❡❡❦ ❛❢t❡r ❥♦✐♥✐♥❣ ❚✇✐tt❡r✳ ❚❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✹ s✉❣❣❡st t❤❛t ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❤❡❧♣s
t♦ r❛✐s❡ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ r❡❝❡✐✈✐♥❣ ❞♦♥❛t✐♦♥s✳ ■♥ t❡r♠s ♦❢ t❤❡ ♠❛❣♥✐t✉❞❡s✱ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛t ❧❡❛st ♦♥❡
❞♦♥❛t✐♦♥ ♣❡r ✇❡❡❦ ✐♥❝r❡❛s❡s ❜② ✺✳✶ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❢♦r ❛❧❧ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✷✮✮✱ ❛♥❞ ❢♦r ✽✳✹ ♣❡r❝❡♥t❛❣❡
♣♦✐♥ts ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✸✮✮✳ ❚❤❡ r❡s✉❧ts ❢♦r ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s r❡♠❛✐♥ ✐♥s✐❣♥✐✜❝❛♥t ✭❝♦❧✉♠♥
✭✹✮✮✱ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✸✳ ❲❤❡♥ ✇❡ ❛♥❛❧②s❡ t❤❡ ✐♠♣❛❝t ♦❢ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ♦♥ t❤❡ ♥✉♠❜❡r ♦❢
❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ✐♥ ❛ ✇❡❡❦✱ ✇❡ ❣❡t ❛ s✐♠✐❧❛r ♣✐❝t✉r❡✳ ◆❡✇ ♣♦❧✐t✐❝✐❛♥s ❥♦✐♥✐♥❣ ❚✇✐tt❡r ✐♥ ❤✐❣❤❡r ♣❡♥❡tr❛t✐♦♥
❛r❡❛s ❣❡t ❛ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ✇❡❡❦❧② ❞♦♥❛t✐♦♥s ✭❝♦❧✉♠♥ ✭✼✮✮ ✇❤✐❧❡ t❤✐s ❡✛❡❝t ❞♦❡s ♥♦t ❤♦❧❞ ❢♦r
t❤❡ ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✽✮✮✳
❋✐♥❛❧❧②✱ ✇❡ ❛❧s♦ ❝❤❡❝❦ ✇❤❡t❤❡r t❤❡ r❡s✉❧ts ❢♦r ❞♦♥❛t✐♦♥s ❤♦❧❞ ❢♦r ❞✐✛❡r❡♥t ❞♦♥❛t✐♦♥ s✐③❡s✳ ❲❡ ❡st✐♠❛t❡
❡q✉❛t✐♦♥ ✭✶✮ ❢♦r ❞♦♥❛t✐♦♥s ❜❡t✇❡❡♥ ✩✶✱✵✵✵ ❛♥❞ ✩✸✱✵✵✵✳ ❲❡ r❡♣♦rt t❤❡ r❡s✉❧ts ❢♦r ❜♦t❤ ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s
❛♥❞ ❢♦r t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛t ❧❡❛st ♦♥❡ ❞♦♥❛t✐♦♥ ✐♥ ❛ ❣✐✈❡♥ ❝❛t❡❣♦r②✳ ❚❛❜❧❡ ✺ s✉♠♠❛r✐③❡s t❤❡s❡ r❡s✉❧ts✳ ❲❡ ✜♥❞
t❤❛t ✇❤✐❧❡ t❤❡r❡ ✐s ♥♦ ❛✈❡r❛❣❡ ❡✛❡❝t ♦❢ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❢♦r t❤❡ s❛♠♣❧❡ ♦❢ ❛❧❧ ♣♦❧✐t✐❝✐❛♥s✱ t❤❡r❡ ✐s st✐❧❧ ❛♥ ✐♠♣❛❝t
♦❢ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❢♦r t❤❡ s❛♠♣❧❡ ♦❢ ♥❡✇✱ ✐♥❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✸✮✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥
❝♦❡✣❝✐❡♥t ✭✵✳✺✼✮ ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ s✐③❡ ♦❢ ✐♥t❡r❛❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r ❞♦♥❛t✐♦♥s ❜❡❧♦✇ ✩✶✱✵✵✵ ✭❚❛❜❧❡ ✸✮✳ ■♥
t❡r♠s ♦❢ ❛❜s♦❧✉t❡ ❞♦❧❧❛rs✱ ❤♦✇❡✈❡r✱ t❤❡ ✐♠♣❛❝t s❡❡♠s t♦ ❜❡ str♦♥❣❡r✱ ❛s t❤❡s❡ ❛r❡ ❧❛r❣❡r ❞♦♥❛t✐♦♥s✳ ❚❤❡
❛✈❡r❛❣❡ ✇❡❡❦❧② s✉♠ ♦❢ ❞♦♥❛t✐♦♥s ❢r♦♠ ❛ ❣✐✈❡♥ ❝❛t❡❣♦r② ✐s ✩✷✱✸✶✸✳ ❆❢t❡r ♠✉❧t✐♣❧②✐♥❣ ✩✷✱✸✶✸ ❜② ✵✳✺✼ ❛♥❞ ✷✳✼✾
✇❡ ✜♥❞ t❤❛t ❚✇✐tt❡r ❡♥tr② ❝❛♥ ❛❝❝♦✉♥t ❢♦r ❛t ❧❡❛st ✩✸✱✻✾✺ ❡①tr❛ ❢r♦♠ ❞♦♥❛t✐♦♥s ❜❡t✇❡❡♥ ✩✶✱✵✵✵ ❛♥❞ ✩✸✱✵✵✵✳
❚❤✐s ❝♦♥st✐t✉t❡s ✷✳✶✪ ♦❢ t♦t❛❧ ❞♦♥❛t✐♦♥s t♦ ❛♥ ❛✈❡r❛❣❡ ♣♦❧✐t✐❝✐❛♥ ✐♥ ❛ ❣✐✈❡♥ ❝❛t❡❣♦r②✳ ❙✐♠✐❧❛r❧②✱ ❝♦❧✉♠♥s
✭✺✮✲✭✽✮ r❡♣♦rt t❤❡ r❡s✉❧ts ❢♦r ❡①t❡♥s✐✈❡ ♠❛r❣✐♥✳ ❋♦r ❛♥ ❛✈❡r❛❣❡ ♣♦❧✐t✐❝✐❛♥✱ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ r❡❝❡✐✈✐♥❣ ❛t ❧❡❛st
♦♥❡ ❞♦♥❛t✐♦♥ ❜❡t✇❡❡♥ ✩✶✱✵✵✵ ❛♥❞ ✩✸✱✵✵✵ ❣♦❡s ✉♣ ❜② ✸✳✸ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✱ ✇❤✐❧❡ ❛ s✐♠✐❧❛r ♣r♦❜❛❜✐❧✐t② ❢♦r ❛
♥❡✇ ♣♦❧✐t✐❝✐❛♥ ❣♦❡s ✉♣ ❜② ✻✳✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts✳ ❚❤✉s✱ t❤❡ r❡s✉❧ts ❢♦r t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥ ❛r❡ s♠❛❧❧❡r ✐♥
♠❛❣♥✐t✉❞❡ t❤❛♥ s✐♠✐❧❛r r❡s✉❧ts ❢♦r ❞♦♥❛t✐♦♥s ❜❡❧♦✇ ✩✶✱✵✵✵✳✽ ❊st✐♠❛t✐♥❣ ♦✉r ♠❛✐♥ s♣❡❝✐✜❝❛t✐♦♥ ❢♦r ❞♦♥❛t✐♦♥
✽❲❡ ❞❡♠♦♥str❛t❡ t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r ✜♥❞✐♥❣s ❜② t❡st✐♥❣ ❞✐✛❡r❡♥t s♣❡❝✐✜❝❛t✐♦♥s✳ ❱❛r②✐♥❣ t❤❡ ✇✐♥❞♦✇ s✐③❡ ✐♥ t❤❡ ❞✐✛❡r❡♥❝❡✲
✐♥✲❞✐✛❡r❡♥❝❡s s♣❡❝✐✜❝❛t✐♦♥ ❞♦❡s ♥♦t ❛❧t❡r t❤❡ ❡st✐♠❛t❡ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ❛♥❞ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✐♥
✶✸
✈❛❧✉❡s ❣r❡❛t❡r t❤❛♥ ✩✸✱✵✵✵ ❞♦❡s ♥♦t s❤♦✇ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ ❚✇✐tt❡r✳✾ ❚❤✐s ✐s ❡①♣❡❝t❡❞✱ s✐♥❝❡ ❞♦♥♦rs ✇❤♦
♠❛❦❡ ❧❛r❣❡ ❝♦♥tr✐❜✉t✐♦♥s ♠❛② ❤❛✈❡ ❞✐✛❡r❡♥t r❡❛s♦♥s t♦ ❝♦♥tr✐❜✉t❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ s♠❛❧❧ ❞♦♥♦rs✳ ❚❤❡② ♠❛②
❛❧s♦ ❜❡ ❧❡ss ❧✐❦❡❧② t♦ ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② ❛ ♣♦❧✐t✐❝✐❛♥✬s r❡❣✉❧❛r ❚✇✐tt❡r ❝♦♠♠✉♥✐❝❛t✐♦♥s✳
❖✈❡r❛❧❧✱ t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡s ✸✲✺ ❛♥❞ ✐♥ ❋✐❣✉r❡ ❄❄ s✉❣❣❡st t❤❛t ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❛❧❧♦✇s t❤❡ ♣♦❧✐t✐❝✐❛♥s t♦
r❛✐s❡ ❛ ❧❛r❣❡r ❞♦❧❧❛r s✉♠ ♦❢ ❞♦♥❛t✐♦♥s✱ ❜✉t ♦♥❧② ✐❢ t❤❡② ❛r❡ ♥❡✇ t♦ ♣♦❧✐t✐❝s✳
✻✳✷ P❡rs✉❛s✐♦♥ ❘❛t❡s
❚♦ ❜❡ ❛❜❧❡ t♦ ❝♦♠♣❛r❡ t❤❡ ♠❛❣♥✐t✉❞❡s t❤❛t ✇❡ ✉♥❝♦✈❡r ✇✐t❤ ♦t❤❡r st✉❞✐❡s ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ✇❡ ❝♦♠♣✉t❡
♣❡rs✉❛s✐♦♥ r❛t❡s ✭❉❡❧❧❛❱✐❣♥❛ ❛♥❞ ❑❛♣❧❛♥✱ ✷✵✵✼❀ ❉❡❧❧❛❱✐❣♥❛ ❛♥❞ ●❡♥t③❦♦✇✱ ✷✵✶✵✮✳ ❲❡ ❝❛♥♥♦t ❝♦♠♣✉t❡
♣❡rs✉❛s✐♦♥ r❛t❡s ❢♦r t❤❡ ❣❡♥❡r❛❧ ❛✉❞✐❡♥❝❡✱ ❜✉t ✇❡ ❝❛♥ ❝♦♠♣✉t❡ ♣❡rs✉❛s✐♦♥ r❛t❡s ❢♦r ❛ s❡t ♦❢ ❡❛r❧② ❢♦❧❧♦✇❡rs
♦❢ ❛ s✉❜s❡t ♦❢ t❤❡s❡ ♣♦❧✐t✐❝✐❛♥s✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ✇❡ ❞♦ ♥♦t ♦❜s❡r✈❡ ❤♦✇ t❤❡ ♥✉♠❜❡r ♦❢ ❢♦❧❧♦✇❡rs ❡✈♦❧✈❡❞ ❢♦r
❡✈❡r② ♣♦❧✐t✐❝✐❛♥ ❢r♦♠ ✇❤❡♥ t❤❡② ♦♣❡♥❡❞ t❤❡✐r ❛❝❝♦✉♥ts✳✶✵ ❍♦✇❡✈❡r✱ ✇❡ ♦❜s❡r✈❡ t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❢♦❧❧♦✇❡rs
❢♦r s♦♠❡ ♣♦❧✐t✐❝✐❛♥s ✇✐t❤✐♥ ✸ ♠♦♥t❤s ♦❢ t❤❡✐r ❛❝❝♦✉♥t ♦♣❡♥✐♥❣ ❢♦r t✇♦ ♣♦✐♥ts ✐♥ t✐♠❡✿ ❛t t❤❡ t✐♠❡ ♦❢ ❞❛t❛
❝♦❧❧❡❝t✐♦♥ ❜② ❍❛❧❜❡rst❛♠ ❛♥❞ ❑♥✐❣❤t ✭✷✵✶✹✮ ❛♥❞ ❛t t❤❡ t✐♠❡ ♦❢ ♦✉r ❞❛t❛ ❝♦❧❧❡❝t✐♦♥✳ ❋♦r ✷✾ ♣♦❧✐t✐❝✐❛♥s ✭✷✶✪
♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ♦♣❡♥❡❞ t❤❡✐r ❛❝❝♦✉♥ts ✐♥ ✷✵✶✷✮✱ ✇❡ ❡st✐♠❛t❡ t❤❛t t❤❡ ♠❡❛♥ ♥✉♠❜❡r ♦❢ ❢♦❧❧♦✇❡rs ✐s
✶✺✵✳✾✸ ✇✐t❤✐♥ t❤❡ ✜rst ✹ ♠♦♥t❤s ❛♥❞ ✶✵✸✳✽✸ ✇✐t❤✐♥ t❤❡ ✜rst ✸ ♠♦♥t❤s ♦❢ ♦♣❡♥✐♥❣ ❛♥ ❛❝❝♦✉♥t ♦♥ ❚✇✐tt❡r✱✳✶✶
◆♦t❡ t❤❛t ✇❡ ❝♦♠♣✉t❡ ♣❡rs✉❛s✐♦♥ r❛t❡ ❢♦r ❛ ♥♦♥ r❛♥❞♦♠ s❛♠♣❧❡ ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥✱ s♦ ✇❡ ❝❛♥♥♦t ❛ss✉♠❡
t❤❛t ♣❡rs✉❛s✐♦♥ r❛t❡s ❜❛s❡❞ ♦♥ ♦✉r ❝❛❧❝✉❧❛t✐♦♥s ❛♣♣❧② t♦ t❤❡ ❣❡♥❡r❛❧ ♣♦♣✉❧❛t✐♦♥✳ ■♥ ❝♦♥tr❛st t♦ ♠♦st ♠❡❞✐❛
st✉❞✐❡s✱ ✇❡ ❛r❡ ❢♦r❝❡❞ t♦ ✉s❡ t❡♠♣♦r❛❧ r❛t❤❡r t❤❛♥ s♣❛t✐❛❧ ✈❛r✐❛t✐♦♥ ✇❤✐❧❡ ❝❛rr②✐♥❣ ♦✉t t❤✐s ❡①❡r❝✐s❡✳
▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡st✐♠❛t❡ ❛ ♣❡rs✉❛s✐♦♥ r❛t❡✱ ✉s✐♥❣ t❤❡ ❢♦r♠✉❧❛ f = yt−yc
et−ec
× 11−y0 × 100
❢r♦♠ ❉❡❧❧❛❱✐❣♥❛ ❛♥❞ ●❡♥t③❦♦✇ ✭✷✵✶✵✮✳ ❍❡r❡ ♦✉r tr❡❛t♠❡♥t ✐s t❤❡ ❡♥tr② ♦❢ ♣♦❧✐t✐❝✐❛♥ t♦ ❚✇✐tt❡r✳ ❙✐♠✐❧❛r
t♦ ❛♣♣r♦❛❝❤ ✉s❡❞ ✐♥ ❉❡❧❧❛❱✐❣♥❛ ❛♥❞ ●❡♥t③❦♦✇ ✭✷✵✶✵✮✱ ✇❡ ❛ss✉♠❡ t❤❛t et − ec ✐s ❣✐✈❡♥ ❜② ✶✵✵✪✱ ✐✳❡✳ t❤❛t
❛❧❧ ❢♦❧❧♦✇❡rs ♦❢ ❛♥② ❣✐✈❡♥ ♣♦❧✐t✐❝✐❛♥ ♦❜s❡r✈❡ t❤❡ tr❡❛t♠❡♥t ✭❡♥tr② t♦ ❚✇✐tt❡r ❛♥❞ s✉❜s❡q✉❡♥t t✇❡❡ts ✇✐t❤✐♥
❛ ✜rst ♠♦♥t❤✮✱✳ ❚❤❡ yt − yc ✐s ❣✐✈❡♥ ❜② t❤❡ ❝♦❡✣❝✐❡♥t ❢r♦♠ ❝♦❧✉♠♥ ✭✻✮ ♦❢ ❚❛❜❧❡ ✹✱ ❞✐✈✐❞❡❞ ❜② t❤❡ ♥✉♠❜❡r
♦❢ ❢♦❧❧♦✇❡rs✱ ✭✶✺✵ ♦r ✶✵✸✳✽✸✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ♠♦♥t❤s ❛❢t❡r ❛❝❝♦✉♥t ♦♣❡♥✐♥❣✮✳ ❋✐♥❛❧❧②✱ y0 ✐s ❛
❝♦✉♥t❡r❢❛❝t✉❛❧ ❡st✐♠❛t❡ ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ ❞♦♥❛t✐♦♥s ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❚✇✐tt❡r ❡♥tr②✳ ❆s ❜❡❢♦r❡✱ ✇❡ ♠✉❧t✐♣❧②
❛❧❧ ♠❛❣♥✐t✉❞❡s ❜② ✷✳✼ ✇❡❡❦s✱ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ✇❡❡❦s ✐♥ t❤❡ ♠♦♥t❤ ❛❢t❡r ❚✇✐tt❡r ❡♥tr②✳ ❯s✐♥❣ t❤❡
♥✉♠❜❡rs ❛❜♦✈❡✱ ✇❡ ♦❜t❛✐♥ t❤❛t t❤❡ ♣❡rs✉❛s✐♦♥ r❛t❡ ✭✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ✶✵✵ ❛♥❞ ✶✺✵ ❢♦❧❧♦✇❡rs✮ ✐s ❡q✉❛❧
t♦✿
f100 = (3.518× 0.1546162× 2.7/103.83)/(1− .35231644× 2.7/103.83) = .01482742 = 1.41%
❚❛❜❧❡ ❆✶ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳ ❲❤❡♥ ✇❡ ✈❛r② t❤❡ ✇✐♥❞♦✇ s✐③❡ ❢♦r ♦✉r ❞✐✛✲✐♥✲❞✐✛ s♣❡❝✐✜❝❛t✐♦♥ ❢r♦♠ ±5✱ ±10 ✇❡❡❦s t♦ ✉♣ t♦ ±300
✇❡❡❦s✱ ♦✉r ❛❣❣r❡❣❛t❡ ❡st✐♠❛t❡s st❛② ❤✐❣❤❧② st❛❜❧❡ ❛t ✵✳✸✼ ❛♥❞ s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✺✪ ❧❡✈❡❧ t❤r♦✉❣❤♦✉t✳
✾❚❤❡ ✐♠♣❛❝t ♦❢ ❚✇✐tt❡r ♦♥ ❞♦♥❛t✐♦♥s ❜❡t✇❡❡♥ ✩✸✱✵✵✵ ❛♥❞ ✩✺✱✵✵✵✱ ❛♥❞ ❞♦♥❛t✐♦♥s ❛❜♦✈❡ ✩✺✱✵✵✵✱ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡s ❆✶✵
❛♥❞ ❆✶✶ ♦❢ t❤❡ ❆♣♣❡♥❞✐①✳
✶✵❚❤❡s❡ ❞❛t❛ ❛r❡ ♥♦t ♠❛❞❡ ❛✈❛✐❧❛❜❧❡ t❤r♦✉❣❤ ❚✇✐tt❡r ❆P■✳
✶✶❯♥❢♦rt✉♥❛t❡❧②✱ ✇❡ ❞♦ ♥♦t ♦❜s❡r✈❡ t❤❡ ♥✉♠❜❡r ♦❢ ❢♦❧❧♦✇❡rs ✇✐t❤✐♥ t❤❡ ✜rst t✇♦ ♠♦♥t❤s✱ s♦ t❤✐s ✐s t❤❡ ❜❡st ❛♣♣r♦①✐♠❛t✐♦♥ ✇❡
❤❛✈❡ ❢♦r ♦✉r ❡①❡r❝✐s❡✳
✶✹
f150 = (3.518× 0.1546162× 2.7/150)/(1− .35231644× 2.7/150) = .01482742 = 0.98%
❚❤✐s ♣❡rs✉❛s✐♦♥ r❛t❡ ✐s ♦♥ t❤❡ ❧♦✇❡r ❡♥❞ ♦❢ t❤❡ ❡st✐♠❛t❡s ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ■t ✐s ❧♦✇❡r t❤❛♥ ♠♦st
❡st✐♠❛t❡s ❢♦r ♣❡rs✉❛s✐♦♥ r❛t❡s ♦❢ ♥❡✇s ♠❡❞✐❛ ✭r❛♥❣❡ ❢r♦♠ ✷ ♣✳♣✳ t♦ ✷✵ ♣✳♣✳ ❢♦r ♠❡❞✐❛ ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✮✱
❛♥❞ ✐t ✐s ❝♦♠♣❛r❛❜❧❡ ✇✐t❤ ✶✳✵ ♣✳♣ ♣❡rs✉❛s✐♦♥ r❛t❡ ♦❢ ❞✐r❡❝t ♠❛✐❧✐♥❣ ✐♥ ●❡r❜❡r ❛♥❞ ●r❡❡♥ ✭✷✵✵✵✮✱ ♦r ✵✳✶✲✶✳✵
♣✳♣✳✱ ♣❡rs✉❛s✐♦♥ r❛t❡s ♦❢ ♣♦❧✐t✐❝❛❧ ❛❞✈❡rt✐s✐♥❣ ✐♥ ❙♣❡♥❦✉❝❤ ❛♥❞ ❚♦♥✐❛tt✐ ✭✷✵✶✻✮✳ ❍♦✇❡✈❡r✱ ✇❡ ❞♦ ♥♦t ✜♥❞
✐t s✉r♣r✐s✐♥❣✳ ❚❤❡ ♣r❡✈✐♦✉s ♣❡rs✉❛s✐♦♥ r❛t❡ ❧✐t❡r❛t✉r❡ ✇❛s ❢♦❝✉s❡❞ ♦♥ ✈♦t✐♥❣ ❜❡❤❛✈✐♦r✱ ✇❤✐❧❡ ✇❡ ❢♦❝✉s ♦♥
❞♦♥❛t✐♦♥s ❛❜♦✈❡ ✩✷✵✵✳ ■t ✐s ❡❛s✐❡r t♦ ❝♦♥✈✐♥❝❡ ♣❡♦♣❧❡ t♦ ❝♦♠❡ t♦ ✈♦t❡ t❤❛♥ t♦ ❣✐✈❡ ❛ ❣♦♦❞ ❝❤✉♥❦ ♦❢ ♠♦♥❡②
t♦ s✉♣♣♦rt t❤❡ ❝❛♥❞✐❞❛t❡✳ ■t ✐s ♣♦ss✐❜❧❡ t❤❛t t❤✐s ❡st✐♠❛t❡ ✐s ❛♥ ✉♣♣❡r ❜♦✉♥❞ ❛s s♦♠❡ ♣❡♦♣❧❡ ❝♦✉❧❞ ❣❡t ✐♥❢♦
❢r♦♠ t✇✐tt❡r ✇✐t❤♦✉t ❛❝t✉❛❧❧② ❜❡❝♦♠✐♥❣ ❛ ❢♦❧❧♦✇❡r✳ ❚❤✉s✱ ❞❡s♣✐t❡ ❧❛r❣❡ ❞♦❧❧❛r ♥✉♠❜❡rs✱ t❤❡s❡ ♣❡rs✉❛s✐♦♥
r❛t❡s ❛r❡ q✉✐t❡ ❧♦✇✳ ❆♥♦t❤❡r ❡①❡r❝✐s❡ ✇❡ ❝❛♥ ❞♦ ✐s t♦ ❝♦♠♣✉t❡ ❛ ♣❡rs✉❛s✐♦♥ r❛t❡ ♦❢ ✐♠♣❧✐❡❞ ❞♦♥❛t✐♦♥s✳
❆ss✉♠❡ t❤❛t t❤❡r❡ ❛r❡ ✷ ❞♦♥❛t✐♦♥s ❜❡❧♦✇ ✩✷✵✵ ❢♦r ❡✈❡r② ❞♦♥❛t✐♦♥ ❛❜♦✈❡ ✩✷✵✵✳ ❚❤✉s✱ ✐❢ ✇❡ ❧♦♦❦ ❛t ✐♠♣❧✐❡❞
❞♦♥❛t✐♦♥s✱ ♦✉r ♣❡rs✉❛s✐♦♥ r❛t❡ ❛r❡ ✷✳✾✹✲✹✳✷✸ ♣✳♣✳✱ ♠✉❝❤ ❝❧♦s❡r t♦ ♣❡rs✉❛s✐♦♥ r❛t❡s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡
❢♦r ♥❡✇s♣❛♣❡r ❡♥❞♦rs❡♠❡♥t ✭❈❤✐❛♥❣ ❛♥❞ ❑♥✐❣❤t ✭✷✵✶✶✮✱ ✻ ♣✳♣✳ ❢♦r ✉♥❡①♣❡❝t❡❞ ❡♥❞♦rs❡♠❡♥ts✱ ♦r ✷ ♣✳♣✳ ❢♦r
❡①♣❡❝t❡❞ ❡♥❞♦rs❡♠❡♥t✮✱ ♦r t✉r♥♦✉t ❡✛❡❝ts ♦❢ ❡♥tr② ♦❢ t❡❧❡✈✐s✐♦♥ ✭✹✳✹ ♣✳♣✳✱ ●❡♥t③❦♦✇ ✭✷✵✵✻✮✮✳
✻✳✸ P❧❛❝❡❜♦ t❡sts
❖✉r ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥ ✐s t❤❛t t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♣♦❧✐t✐❝❛❧ ❞♦♥❛t✐♦♥s✱ ✉♥❡①♣❧❛✐♥❡❞ ❜② ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤
✜①❡❞ ❡✛❡❝ts✱ ✇♦✉❧❞ r❡♠❛✐♥ t❤❡ s❛♠❡ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❚✇✐tt❡r ❡♥tr② ❛❝r♦ss ❛r❡❛s ♦❢ ❤✐❣❤ ❛♥❞ ❧♦✇ ❚✇✐tt❡r
♣❡♥❡tr❛t✐♦♥✳ ❲❤✐❧❡ ✇❡ ❝❛♥♥♦t t❡st t❤✐s ❛ss✉♠♣t✐♦♥ ❞✐r❡❝t❧②✱ ✇❡ ❝♦♥❞✉❝t s❡✈❡r❛❧ t❡sts t♦ ❡♥s✉r❡ t❤❛t t❤❡ ❞❛t❛
✐s ✐♥❞❡❡❞ ❝♦♥s✐st❡♥t ✇✐t❤ ♦✉r ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥✳
✻✳✸✳✶ ❈❛♠♣❛✐❣♥ ❊①♣❡♥❞✐t✉r❡s
❆ ✜rst ♣♦t❡♥t✐❛❧ t❤r❡❛t t♦ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❛ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✐♠✐♥❣ ♦❢ ❚✇✐tt❡r ❡♥tr②
❛♥❞ ♦t❤❡r ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s ✇❤✐❝❤ ❝❛♥ ❝♦♥tr✐❜✉t❡ t♦ ❢✉♥❞s r❛✐s❡❞✳ ❲❤✐❧❡ ✇❡ ❞♦ ♥♦t ❤❛✈❡ ❡①tr❡♠❡❧② ❞❡t❛✐❧❡❞
♠❡❛s✉r❡s ♦❢ ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s✱ ✇❡ ✉s❡ ❝❛♠♣❛✐❣♥ s♣❡♥❞✐♥❣ ♣❡r ✇❡❡❦ ❛s ❛ ♣r♦①②✳ ❚❤❡ ❡st✐♠❛t❡s ✐♥ ❚❛❜❧❡ ✸
s❤♦✇ t❤❛t ✇❡❡❦❧② ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s ❞✉r✐♥❣ t❤❡
s❛♠❡ ✇❡❡❦✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤✐s ♠❡❛s✉r❡ ✐s ✐♥❞❡❡❞ ♠❡❛♥✐♥❣❢✉❧✳ ❚♦ ❝❤❡❝❦ ❢♦r ♣♦t❡♥t✐❛❧ s✐♠✉❧t❛♥❡♦✉s ❝❤❛♥❣❡s
✐♥ ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s✱ ✇❡ t❡st ✐❢ t❤❡r❡ ✐s ❛ s♣✐❦❡ ✐♥ ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s ❛r♦✉♥❞ t❤❡ ❞❛t❡ ♣♦❧✐t✐❝✐❛♥s st❛rt
✉s✐♥❣ ❚✇✐tt❡r✳ ❚❛❜❧❡ ✻ s❤♦✇s t❤❛t ❝♦♥tr♦❧❧✐♥❣ ❢♦r ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ❛♥❞ ✐♥❝❧✉❞✐♥❣ ❛ ✇❡❡❦ t✐♠❡
tr❡♥❞✱ ❥♦✐♥✐♥❣ ❚✇✐tt❡r ❞♦❡s ♥♦t ♣r❡❞✐❝t ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s ♥❡✐t❤❡r ✐♥ ❤✐❣❤ ♥♦r ✐♥ ❧♦✇
❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ❛r❡❛s✳ ❇♦t❤ t❤❡ ❞✐r❡❝t ❛♥❞ t❤❡ ✐♥t❡r❛❝t✐♦♥ t❡r♠s ❛r❡ ✐♥s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ ❢✉❧❧ s❛♠♣❧❡
✭❝♦❧✉♠♥ ✭✹✮✮ ✐♥ ❡①♣❧❛✐♥✐♥❣ ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s✳ ❚❤✐s r❡s✉❧t ❛❧s♦ ❤♦❧❞s s❡♣❛r❛t❡❧② ❢♦r ❜♦t❤ ♥❡✇ ✭❝♦❧✉♠♥
✭✺✮✮ ❛♥❞ ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✻✮✮✳ ❚♦ t❤❡ ❡①t❡♥t t❤❛t ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s ❝❛♣t✉r❡ ♦t❤❡r
❛❝t✐✈✐t✐❡s ♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥ ❛r♦✉♥❞ t❤❡ s❛♠❡ t✐♠❡ ✇✐t❤ ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t✱ t❤✐s r❡s✉❧t ♣r♦✈✐❞❡s ❛
r❡❛ss✉r✐♥❣ ❝❤❡❝❦ ❢♦r ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣②✳
✶✺
✻✳✸✳✷ P♦❧✐t✐❝❛❧ ❆❞✈❡rt✐s✐♥❣ ❊①♣❡♥❞✐t✉r❡
❆ ♣❛rt✐❝✉❧❛r ♠❡❛s✉r❡ ♦❢ ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s ✇❤✐❝❤ ✇❡ ✉s❡ ✐s t❤❡ ❛♠♦✉♥t ♦❢ ♣♦❧✐t✐❝❛❧ ❛❞✈❡rt✐s✐♥❣ ❡①♣❡♥❞✐t✉r❡
❜② t❤❡ ❝❛♥❞✐❞❛t❡s✳ ▲✐❦❡ ❢♦r ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s ❛❜♦✈❡✱ ✇❡ ❝❤❡❝❦ ✇❤❡t❤❡r t❤❡r❡ ✇❛s ❛ s♣✐❦❡ ✐♥ ♣♦❧✐t✐❝❛❧
❛❞✈❡rt✐s✐♥❣ ❡①♣❡♥❞✐t✉r❡ ✐♥ ♣❛rt✐❝✉❧❛r ❛r♦✉♥❞ t❤❡ t✐♠❡ ❝❛♥❞✐❞❛t❡s ❥♦✐♥❡❞ ❚✇✐tt❡r ✇❤✐❝❤ ❝♦✉❧❞ ❛❧s♦ ✐♥✈♦❧✈❡ ❛ ❝❛❧❧
❢♦r r❛✐s✐♥❣ ♠♦r❡ ❢✉♥❞s✳ ❚❛❜❧❡ ✼ s❤♦✇s t❤❛t ❛s s♦♦♥ ❛s ✇❡ ✐♥❝❧✉❞❡ ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ✭❝♦❧✉♠♥ ✭✷✮✮✱
❥♦✐♥✐♥❣ ❚✇✐tt❡r ❞♦❡s ♥♦t ♣r❡❞✐❝t ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♣♦❧✐t✐❝❛❧ ❛❞✈❡rt✐s✐♥❣ ✐♥ ❡✐t❤❡r ❤✐❣❤ ♦r ❧♦✇ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥
❛r❡❛s✳ ❇♦t❤ t❤❡ ❞✐r❡❝t ❛♥❞ t❤❡ ✐♥t❡r❛❝t✐♦♥ t❡r♠s ❛r❡ ✐♥s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ ❢✉❧❧ s❛♠♣❧❡ ❛♥❞ t❤❡ ❢✉❧❧ s❡t ♦❢
❝♦♥tr♦❧s ✭❝♦❧✉♠♥ ✭✺✮✮ ✐♥ ❡①♣❧❛✐♥✐♥❣ ♣♦❧✐t✐❝❛❧ ❛❞✈❡rt✐s✐♥❣ ❡①♣❡♥❞✐t✉r❡s✳ ❚❤✐s r❡s✉❧t ❛❧s♦ ❤♦❧❞s s❡♣❛r❛t❡❧② ❢♦r
❜♦t❤ ♥❡✇ ✭❝♦❧✉♠♥ ✭✻✮✮ ❛♥❞ ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✼✮✮ t❤♦✉❣❤ t❤❡ ❝♦❡✣❝✐❡♥t ✐s ♥❡❣❛t✐✈❡ ❛♥❞
✇❡❛❦❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵✪ ❧❡✈❡❧ ❢♦r t❤❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s✳ ❖✈❡r❛❧❧✱ ✇❡ s❤♦✇ ✉s✐♥❣ ❛ ♠❡❛s✉r❡ ♣❛rt✐❝✉❧❛r t♦
♣♦❧✐t✐❝❛❧ ❛❞✈❡rt✐s✐♥❣ ❞♦❡s ♥♦t ❝♦rr❡❧❛t❡ ✇✐t❤ ♣♦❧✐t✐❝✐❛♥s ❥♦✐♥✐♥❣ ❚✇✐tt❡r ✇❤✐❝❤ ♣r♦✈✐❞❡s ❣r❡❛t❡r ❝♦♥✜❞❡♥❝❡ ✐♥
♦✉r ❡st✐♠❛t✐♦♥ ❛♣♣r♦❛❝❤✳
✻✳✸✳✸ ◆❡✇s ❛♥❞ ❇❧♦❣s ❈♦✈❡r❛❣❡
■t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ t❤❛t ♣♦❧✐t✐❝✐❛♥s ❥♦✐♥ ❚✇✐tt❡r ❛s ♣❛rt ♦❢ t❤❡✐r ✐♥❢♦r♠❛t✐♦♥ ❝❛♠♣❛✐❣♥s✱ ❛♥❞ ♦♣❡♥✐♥❣ ❚✇✐tt❡r
❛❝❝♦✉♥ts ❝♦✐♥❝✐❞❡ ✇✐t❤ t❤❡ s♣✐❦❡s ✐♥ ❝♦✈❡r❛❣❡ ♦❢ t❤❡s❡ ♣♦❧✐t✐❝✐❛♥s ❜② tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ♦✉t❧❡ts✳ ▼❡❞✐❛ ♠❡♥t✐♦♥s
♦❢ ❛ ♣♦❧✐t✐❝✐❛♥ ♠✐❣❤t ❝❛♣t✉r❡ ❜♦t❤ ❛❞❞✐t✐♦♥❛❧ ✐♥❢♦r♠❛t✐♦♥ s❤♦❝❦s ✈♦t❡rs r❡❝❡✐✈❡ ❛♥❞ ❡✈❡♥ts ❛ ♣♦❧✐t✐❝✐❛♥ ✐s
✐♥✈♦❧✈❡❞ ✐♥ ✭✇❤✐❝❤ ♠❛② ♥♦t ❜❡ r❡✢❡❝t❡❞ ✐♥ ❝❛♠♣❛✐❣♥ ❡①♣❡♥❞✐t✉r❡s✮ ✇❤✐❝❤ ❞r✐✈❡ ❞♦♥❛t✐♦♥s ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢
❚✇✐tt❡r✳ ❚♦ ❛❞❞r❡ss t❤✐s ❝♦♥❝❡r♥✱ ✇❡ ❝♦❧❧❡❝t ❞❛t❛ ♦♥ t❤❡ ♠❡❞✐❛ ♠❡♥t✐♦♥s ♦❢ ❛ ♣♦❧✐t✐❝✐❛♥✳ ❲❡ r✉♥ ❛ s❡❛r❝❤
❢♦r ❡❛❝❤ ♣♦❧✐t✐❝✐❛♥✬s ♥❛♠❡ ✐♥ ●♦♦❣❧❡ ◆❡✇s ❛♥❞ ●♦♦❣❧❡ ❇❧♦❣s ❢♦r ❛ ±10 ✇❡❡❦ ✇✐♥❞♦✇ ❛r♦✉♥❞ t❤❡ t✐♠❡ ♦❢
♦♣❡♥✐♥❣ ♦❢ t❤❡✐r t✇✐tt❡r ❛❝❝♦✉♥t✶✷✳ ❋✐❣✉r❡s ✷ ❛♥❞ ✸ ❞❡♠♦♥str❛t❡ ❤♦✇ t❤❡ ♥❡✇s ♠❡♥t✐♦♥s ❛♥❞ ●♦♦❣❧❡ ❇❧♦❣s
❝♦✈❡r❛❣❡ ♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥s ❡✈♦❧✈❡ ♦✈❡r t❤✐s ♣❡r✐♦❞✱ ❛♥❞ t❤❡② ❞♦ ♥♦t ✐♥❞✐❝❛t❡ ❛♥② ♣❛tt❡r♥s✳ ❚❛❜❧❡ ✽ r❡♣♦rts
t❤❡ r❡s✉❧ts ♦❢ t❤✐s ❡st✐♠❛t✐♦♥✳ ❲❡ ✉s❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♠❡♥t✐♦♥s ✐♥ t❤❡ ♥❡✇s ❛s t❤❡ ♠❛✐♥ ❞❡♣❡♥❞❡♥t
✈❛r✐❛❜❧❡ ✐♥ ♦✉r s♣❡❝✐✜❝❛t✐♦♥✳ ❖✈❡r❛❧❧✱ t❤❡ ❡st✐♠❛t❡s ✐♥ ❚❛❜❧❡ ✽ s✉❣❣❡st t❤❛t ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ✐♥t❡r❛❝t❡❞ ✇✐t❤
❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✐s ♥♦t s✐❣♥✐✜❝❛♥t❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ♥❡✇s ♠❡♥t✐♦♥s ✭❝♦❧✉♠♥s ✭✶✮✲✭✹✮✮ ❛♥❞
t❤✐s ❤♦❧❞s ❢♦r ❜♦t❤ ♥❡✇ ✭❝♦❧✉♠♥ ✭✸✮✮ ❛♥❞ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✹✮✮✳ ▼♦r❡♦✈❡r✱ ✇❡ ✜♥❞ t❤❛t t❤❡s❡
r❡s✉❧ts ❛❧s♦ ❤♦❧❞ ✇❤❡♥ ✇❡ ❧♦♦❦ ❛t t❤❡ ♥✉♠❜❡r ♦❢ ❜❧♦❣ ♠❡♥t✐♦♥s ❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐♥ ❚❛❜❧❡ ✽ ✭❝♦❧✉♠♥s
✭✺✮✲✭✽✮✮✱ ❛s t❤❡ ❝♦❡✣❝✐❡♥t ❢♦r ❚✇✐tt❡r ❡♥tr② ❛♥❞ ♣❡♥❡tr❛t✐♦♥ ✐♥t❡r❛❝t✐♦♥ r❡♠❛✐♥s ✐♥s✐❣♥✐✜❝❛♥t ❛♥❞ ✐s ❛❝t✉❛❧❧②
♥❡❣❛t✐✈❡ ✐♥ ❛❧❧ t❤❡ s♣❡❝✐✜❝❛t✐♦♥s✳✶✸
✻✳✸✳✹ ❚✇✐tt❡r ❊♥tr②✱ ❚✇✐tt❡r P❡♥❡tr❛t✐♦♥ ❛♥❞ ❉❡♠♦❣r❛♣❤✐❝s
❆ ❢✉rt❤❡r ❝♦♥❝❡r♥ ❛❜♦✉t ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ✐s t❤❛t ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ♠❡r❡❧② s❡r✈❡s ❛s ❛ ♣r♦①②
❢♦r t❤❡ ✐♥❝♦♠❡✱ ❡❞✉❝❛t✐♦♥✱ ♦r ♦t❤❡r s♦❝✐♦❡❝♦♥♦♠✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ st❛t❡✱ ❛♥❞ ✇❤❛t ✇❡ ♦❜s❡r✈❡ ✐s ❛
❤✐❣❤❡r r❡s♣♦♥s✐✈❡♥❡ss t♦ t❤❡ s❤♦❝❦ ✭❥♦✐♥✐♥❣ ❚✇✐tt❡r✮ ✐♥ r✐❝❤❡r✱ ♠♦r❡ ❡❞✉❝❛t❡❞✱ ♦r ♠♦r❡ ❧✐❜❡r❛❧ ♣❧❛❝❡s✳ ❚♦
❡♥s✉r❡ t❤❛t ✐t ✐s ♥♦t t❤❡ ❝❛s❡✱ ✇❡ ❝♦♥❞✉❝t ❛♥♦t❤❡r ❝❤❡❝❦✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ t❡st ✇❤❡t❤❡r ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞
✶✷❲❡ s❡❛r❝❤ ❢♦r t❤❡ ❢✉❧❧ ♥❛♠❡ ♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥ ❛♥❞ r❡❝♦r❞ t❤❡ ♥✉♠❜❡r ♦❢ ❤✐ts ✇❡ ✜♥❞ ♦♥ ●♦♦❣❧❡ ◆❡✇s ❛♥❞ ●♦♦❣❧❡ ❇❧♦❣s✳
✶✸❆♥♦t❤❡r r❡❧❡✈❛♥t ✐ss✉❡ t♦ ❛❞❞r❡ss ✐s ❛ ❝❤❡❝❦ ♦♥ ♣♦❧✐t✐❝✐❛♥s✬ ✉s❡ ♦❢ ♦t❤❡r s♦❝✐❛❧ ♠❡❞✐❛ ♣❧❛t❢♦r♠s s✉❝❤ ❛s ❋❛❝❡❜♦♦❦✳ ❚♦ t❡st
t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r r❡s✉❧ts✱ ✇❡ ❝♦❧❧❡❝t❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ✇❤❡♥ ❡❛❝❤ ♣♦❧✐t✐❝✐❛♥ ♦♣❡♥❡❞ ❤❡r ❋❛❝❡❜♦♦❦ ❛❝❝♦✉♥t ✭✐❢ s❤❡ ❞✐❞✮ ❛♥❞ ✇❡
✜♥❞ ♥♦ r♦❜✉st r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❤❛✈✐♥❣ ❛ ❋❛❝❡❜♦♦❦ ❛❝❝♦✉♥t ❜❡❢♦r❡ ❛♥❞ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ❛♥❞ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✐♥t❡r❛❝t✐♦♥
✭❙❡❡ ❚❛❜❧❡ ❆✹ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✮✳
✶✻
❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❞✐✛❡r❡♥t✐❛❧ ❡✛❡❝ts ♦❢ ❡♥tr② ♦♥ ❚✇✐tt❡r ✇✐t❤ ❞✐✛❡r❡♥t s♦❝✐♦❡❝♦♥♦♠✐❝ ❝♦♥tr♦❧s✱ s✉❝❤ ❛s
t❤❡ ♠❡❞✐❛♥ ❤♦✉s❡❤♦❧❞ ✐♥❝♦♠❡ ✐♥ ❛ st❛t❡✱ t❤❡ s❤❛r❡ ♦❢ ♣❡♦♣❧❡ ✇❤♦ ❡❛r♥ ♦✈❡r ✩✷✺✵✱✵✵✵ ❛♥♥✉❛❧❧②✱ t❤❡ s❤❛r❡
♦❢ ♣❡♦♣❧❡ ✇✐t❤ ❛ ❝♦❧❧❡❣❡ ❡❞✉❝❛t✐♦♥✱ t❤❡ s❤❛r❡ ♦❢ ♣❡♦♣❧❡ ✇❤♦ ✈♦t❡❞ ❢♦r ❇✉s❤ ✐♥ ✷✵✵✹ ❛s ✇❡❧❧ ❛s t❤❡ s❤❛r❡ ♦❢
❆❢r✐❝❛♥ ❆♠❡r✐❝❛♥s ✐♥ t❤❡ st❛t❡✳ ❲❡ r❡♣♦rt t❤❡s❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✾✳ ❋♦r t❤❡ ❡❛s❡ ♦❢ ❝♦♠♣❛r✐s♦♥✱ t❤❡ r❡s✉❧ts
✇✐t❤ t❤❡ ❝♦❡✣❝✐❡♥t ❢♦r ❚✇✐tt❡r ❡♥tr② ✐♥t❡r❛❝t❡❞ ✇✐t❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✭❢r♦♠ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❝✉❧♠♥ ✭✹✮
♦❢ ❚❛❜❧❡ ✸✮ ❛r❡ r❡♣r♦❞✉❝❡❞ ✐♥ ❝♦❧✉♠♥ ✭✶✮✳ ❖✉r r❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ✇✐t❤
❡❛❝❤ ♦❢ ❝♦♥tr♦❧s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡ ✐s ✐♥s✐❣♥✐✜❝❛♥t ❜♦t❤ ❡❝♦♥♦♠✐❝❛❧❧② ❛♥❞ st❛t✐st✐❝❛❧❧②✱ ✇✐t❤ ❝♦❡✣❝✐❡♥ts ✐♥ t❤❡
♦♣♣♦s✐t❡ s✐❣♥ t♦ ✇❤❛t ❛ ♣r♦①② ❤②♣♦t❤❡s✐s s✉❣❣❡sts ✭❝♦❧✉♠♥s ✭✷✮✲✭✻✮✮✳ ✶✹ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞❛t❛ ✐s ♥♦t ❝♦♥s✐st❡♥t
✇✐t❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ❜❡✐♥❣ ❛ ♣r♦①② ❢♦r ❛ ♠❛❥♦r s♦❝✐♦❡❝♦♥♦♠✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛ r❡❣✐♦♥✳
❖✈❡r❛❧❧✱ ✇❤✐❧❡ ✇❡ ❝❛♥♥♦t t❡st ♦✉r ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥ ❞✐r❡❝t❧②✱ t❤❡ ♣❧❛❝❡❜♦ ❝❤❡❝❦s ✐♥ t❤✐s s❡❝t✐♦♥
s✉❣❣❡st t❤❛t ✉♥♦❜s❡r✈❡❞ ❤❡t❡r♦❣❡♥❡✐t②✱ ❛♥❞ ♦t❤❡r ♣♦t❡♥t✐❛❧❧② s✐♠✉❧t❛♥❡♦✉s ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s ✐♥ ♣❛rt✐❝✉❧❛r✱
❛r❡ ♥♦t ❞r✐✈✐♥❣ ♦✉r r❡s✉❧ts✳
✻✳✹ ▼❡❝❤❛♥✐s♠s
❚❤❡ ♠❛✐♥ ✜♥❞✐♥❣s s✉❣❣❡st t❤❛t ❛ ♣♦❧✐t✐❝✐❛♥✬s ❛❞♦♣t✐♦♥ ♦❢ ❚✇✐tt❡r ❝❛✉s❡s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s
s✴❤❡ r❡❝❡✐✈❡s✳ ❚❤❡r❡ ❝♦✉❧❞ ❜❡ ❞✐✛❡r❡♥t ❝❤❛♥♥❡❧s t❤r♦✉❣❤ ✇❤✐❝❤ ❚✇✐tt❡r ❛✛❡❝ts t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❞♦♥♦rs✳ ❚❤❡
✜rst ♦♥❡ ✐s ❛♥ ✐♥❢♦r♠❛t✐♦♥ ❝❤❛♥♥❡❧✳ ❖♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t ❛❧❧♦✇s t❤❡ ♣♦❧✐t✐❝✐❛♥s t♦ ❛❝❝❡ss ❛ ♥❡✇✱
r❡❧❛t✐✈❡❧② ✐♥❡①♣❡♥s✐✈❡✱ ❝❤❛♥♥❡❧ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ ✐ts ♣♦t❡♥t✐❛❧ ❝♦♥st✐t✉❡♥ts✳ ▼♦r❡♦✈❡r✱ ✐♥❢♦r♠❛t✐♦♥ ♦♥
t❤❡ ♣♦❧✐t✐❝✐❛♥s✬ ❛❜✐❧✐t② ❛♥❞ ♣♦❧✐❝② st❛♥❝❡ ❛r❡ ❞✐str✐❜✉t❡❞ ❛t ❛ ❧♦✇ ❝♦st t❤r♦✉❣❤ s♦❝✐❛❧ ♠❡❞✐❛✳ ❋♦r ❞♦♥♦rs ✇❤♦
❞♦ ♥♦t ❦♥♦✇ ❛❜♦✉t ❛ ❝❛♥❞✐❞❛t❡ ♦r ❛r❡ ✉♥✐♥❢♦r♠❡❞ ♦❢ ❤❡r ♣♦❧✐❝✐❡s✱ t❤✐s ❝❤❛♥♥❡❧ s❡r✈❡s t♦ ❝r❡❛t❡ ❛✇❛r❡♥❡ss✳
❆♥ ❛❧t❡r♥❛t❡✱ s❡❝♦♥❞ ♠❡❝❤❛♥✐s♠ ❝♦✉❧❞ ❜❡ ❛ ♣❡rs✉❛s✐♦♥ ❝❤❛♥♥❡❧✳ ❋♦r ♣♦t❡♥t✐❛❧ ❞♦♥♦rs ✇❤♦ ❛❧r❡❛❞② ❦♥♦✇ t❤❡
❝❛♥❞✐❞❛t❡✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✈✐❛ ❚✇✐tt❡r ❝❛♥ ❝r❡❛t❡ r❡♣❡❛t❡❞ ❡①♣♦s✉r❡ ❛♥❞ ♣❡rs✉❛❞❡ t❤❡♠ t♦ ❝♦♥tr✐❜✉t❡ ♠♦r❡✳
❚❤✐s ❝❤❛♥♥❡❧ ✐s ❛❦✐♥ t♦ ♣❡rs✉❛s✐✈❡ ❛❞✈❡rt✐s✐♥❣ ✐♥ t❤❡ ■♥❞✉str✐❛❧ ❖r❣❛♥✐③❛t✐♦♥ ❧✐t❡r❛t✉r❡✳
❖✉r ✜♥❞✐♥❣s ❞❡♠♦♥str❛t❡ t❤❛t s♦❝✐❛❧ ♠❡❞✐❛ r❛✐s❡s ❞♦♥❛t✐♦♥s ♦♥❧② ❢♦r t❤❡ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❛♥❞ ♥♦t ❢♦r
t❤❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s✳ ❚❤✐s ✐s ✐♥ ❧✐♥❡ ✇✐t❤ ♦✉r t❤❡♦r❡t✐❝❛❧ ❢r❛♠❡✇♦r❦✱ ✇❤✐❝❤ st❛t❡s t❤❛t t❤❡ ♠❛r❣✐♥❛❧ r❡t✉r♥
t♦ ✐♥❢♦r♠❛t✐♦♥ ♣r♦✈✐s✐♦♥ t❤r♦✉❣❤ ❚✇✐tt❡r ✐s ❧✐❦❡❧② ❧♦✇❡r ❢♦r t❤❡ ❡①♣❡r✐❡♥❝❡❞ ❝❛♥❞✐❞❛t❡s✱ s✐♥❝❡ t❤❡✐r q✉❛❧✐t②✱
❡①♣❡r✐❡♥❝❡✱ ❛♥❞ ♣♦❧✐❝② ♣♦s✐t✐♦♥s ❛r❡ ❛❧r❡❛❞② ❦♥♦✇♥✳ ❋♦r ❛ ♥❡✇❝♦♠❡r✱ ✐t ✐s ❝❤❡❛♣ t♦ ♦♣❡♥ ❛♥ ❛❝❝♦✉♥t ♦♥
❚✇✐tt❡r✱ ❛♥❞ ✐♥❢♦r♠❛t✐♦♥ ❞✐ss❡♠✐♥❛t✐♦♥ t❤r♦✉❣❤ ♦♥❧✐♥❡ ✇♦r❞ ♦❢ ♠♦✉t❤ ✐s ♣♦ss✐❜❧❡ ❛t ❛ r❡❧❛t✐✈❡❧② ❧♦✇ ❝♦st✳ ❖✉r
♠❛✐♥ r❡s✉❧t t❤❛t ❥♦✐♥✐♥❣ ❚✇✐tt❡r ♦♥❧② ❤❡❧♣s ✐♥❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✐s t❤✉s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ✐♥❢♦r♠❛t✐♦♥
♠❡❝❤❛♥✐s♠✳
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t ❛ ♥✉♠❜❡r ♦❢ ❛❞❞✐t✐♦♥❛❧ t❡sts t❤❛t ❛❧❧♦✇ ✉s t♦ ❝❤❡❝❦ ✇❤❛t ♠❡❝❤❛♥✐s♠s ♦✉r
❞❛t❛ ✐s ❝♦♥s✐st❡♥t ✇✐t❤✳ ❋✐rst✱ ✇❡ ❝❤❡❝❦ ✇❤❡t❤❡r ♦✉r ❡st✐♠❛t❡s ❛r❡ str♦♥❣❡r ❢♦r ♥❡✇ ♦r r❡♣❡❛t ❞♦♥♦rs✳ ❲❡
❝❧❛ss✐❢② ❡❛❝❤ ❞♦♥♦r ❛s ♥❡✇ ✐❢ ♥♦ ❞♦♥♦r ✇✐t❤ t❤❡ s❛♠❡ ✜rst ❛♥❞ ❧❛st ♥❛♠❡ ❤❛s ❝♦♥tr✐❜✉t❡❞ t♦ ❛ ♣❛rt✐❝✉❧❛r
❈♦♥❣r❡ss✐♦♥❛❧ ❝❛♥❞✐❞❛t❡ ❜❡❢♦r❡✳ ◆❡①t✱ ✇❡ ❝❤❡❝❦ ✇❤❡t❤❡r ❚✇✐tt❡r ❡✛❡❝ts ❛r❡ str♦♥❣❡r ♦r ✇❡❛❦❡r ✐♥ ♣❧❛❝❡s
✇✐t❤ ❤✐❣❤ ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥✳ ❋✐♥❛❧❧②✱ ✇❡ ❛❧s♦ ❛♥❛❧②③❡ ❚✇❡❡t✐♥❣ ❛❝t✐✈✐t✐❡s ❜② ♣♦❧✐t✐❝✐❛♥s t♦ ❞♦❝✉♠❡♥t
❤♦✇ ❞✐✛❡r❡♥❝❡s ✐♥ ❚✇❡❡t✐♥❣ ❛❝t✐✈✐t② ❛♥❞ ❝♦♥t❡♥t ♦❢ ❚✇❡❡ts ❛✛❡❝t ❞♦♥❛t✐♦♥s✳
✶✹❲❡ ❝❛rr② ♦✉t ❛❞❞✐t✐♦♥❛❧ ❝❤❡❝❦s t♦ ✜♥❞ t❤❛t ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ✭✐♥t❡r❛❝t❡❞ ✇✐t❤ s♦❝✐♦❡❝♦♥♦♠✐❝ ❝♦♥tr♦❧s✮ ✐s ♥♦t ❞r✐✈✐♥❣ ❚✇✐tt❡r
♣❡♥❡tr❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ st❛t❡s ✇✐t❤ ❤✐❣❤❡r ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ❞♦ ♥♦t s❡❡ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ❚✇✐tt❡r ❛❝❝♦✉♥t ♦♣❡♥✐♥❣s✳ ❲❡
❛♥❛❧②③❡ t❤✐s ✐♥ t❡r♠s ♦❢ ❧❡✈❡❧s ❛♥❞ ✜rst ❞✐✛❡r❡♥❝❡s ♦❢ ✇❡❡❦❧② ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ❜✉t ✜♥❞ ♥♦ ❡❝♦♥♦♠✐❝ ♦r st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t
r❡❧❛t✐♦♥s❤✐♣ ✭P❧❡❛s❡ s❡❡ ❚❛❜❧❡s ❆✺ ❛♥❞ ❆✻ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✮✳
✶✼
✻✳✹✳✶ ◆❡✇ ✈s ❘❡♣❡❛t❡❞ ❉♦♥♦rs
❲❡ ❝♦♥❥❡❝t✉r❡ t❤❛t ❛ ♣♦❧✐t✐❝✐❛♥✬s ♣r❡s❡♥❝❡ ♦♥ s♦❝✐❛❧ ♠❡❞✐❛ ❤❛✈❡ t✇♦ ♣♦ss✐❜❧❡ ✇❛②s ♦❢ ✐♥✢✉❡♥❝✐♥❣ ❞♦♥♦rs✳ ❋✐rst✱
✐t ✐s ♣♦ss✐❜❧❡ t❤❛t ❛ ♣♦❧✐t✐❝✐❛♥✬s ♣r❡s❡♥❝❡ s✐♠♣❧② ❝❤❛♥❣❡s t❤❡ ❛♠♦✉♥t ✐♥❞✐✈✐❞✉❛❧s ❝♦♥tr✐❜✉t❡ ✇✐t❤♦✉t ❛❧t❡r✐♥❣
t❤❡ ❞♦♥♦r ♣♦♣✉❧❛t✐♦♥✳ ❆ s❡❝♦♥❞ ♣❧❛✉s✐❜❧❡ ❛r❣✉♠❡♥t✱ ✐♥ ❧✐♥❡ ✇✐t❤ ❛♥ ✐♥❢♦r♠❛t✐♦♥ ❝❤❛♥♥❡❧✱ ✐s ❡①♣❛♥❞✐♥❣ t❤❡
❞♦♥♦r ❜❛s❡✱ ✇✐t❤ ♥❡✇ ❞♦♥♦rs ❤❡❛r✐♥❣ ❛❜♦✉t ❛♥❞ ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ ❝❛♠♣❛✐❣♥ ❢♦r t❤❡ ✜rst t✐♠❡✳ ❲❤❡♥ t❤❡
s❡❝♦♥❞ ❡①♣❧❛♥❛t✐♦♥ ❤♦❧❞s✱ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ✇✐❧❧ ❛✛❡❝t t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ r❡❝❡✐✈✐♥❣ ❞♦♥❛t✐♦♥s ❛s ✇❡❧❧✳ ❲❡
♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t ✐♥❞❡❡❞ ❚✇✐tt❡r ♣r❡s❡♥❝❡ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♥❡✇ ❞♦♥♦rs r❛t❤❡r t❤❛♥ ❥✉st ❛ s❤✐❢t ✐♥ t❤❡
❞♦♥❛t✐♦♥ ❛♠♦✉♥ts ♦❢ ♦❧❞ ❞♦♥♦rs✳
❲❡ s♣❧✐t t❤❡ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ❜② ♣♦❧✐t✐❝✐❛♥s ✐♥t♦ t❤♦s❡ r❡❝❡✐✈❡❞ ❢r♦♠ ♥❡✇ ❛♥❞ r❡♣❡❛t ❞♦♥♦rs t♦ r❡✲
❡st✐♠❛t❡ ♦✉r ❞✐✛✲✐♥✲❞✐✛ s♣❡❝✐✜❝❛t✐♦♥s✳ P❛♥❡❧ ❆ ♦❢ ❚❛❜❧❡ ✶✵ s❤♦✇s t❤❡ r❡s✉❧ts ❢♦r ♥❡✇ ❞♦♥♦rs ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤
♦✉r ✐♥❢♦r♠❛t✐♦♥ ❤②♣♦t❤❡s✐s✳ ❯s✐♥❣ ❚✇✐tt❡r ✐♥ ❛ ❤✐❣❤ ♣❡♥❡tr❛t✐♦♥ st❛t❡ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❛❣❣r❡❣❛t❡
❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ❢r♦♠ ♥❡✇ ❞♦♥♦rs ✭❝♦❧✉♠♥s ✭✶✮✲✭✷✮✮ ❜✉t s♣❧✐tt✐♥❣ t❤❡ s❛♠♣❧❡ ✐♥t♦ ♥❡✇ ❛♥❞ ❡①♣❡r✐❡♥❝❡❞
♣♦❧✐t✐❝✐❛♥s s❤♦✇s t❤❛t ♥❡✇ ❞♦♥♦rs ❞♦♥❛t❡ ♠♦r❡ t♦ ♦♥❧② ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✭✸✮✮ ❛♥❞ ♥♦t t♦ t❤❡ ❡①♣❡r✐❡♥❝❡❞
♦♥❡s ✭❝♦❧✉♠♥ ✭✹✮✮✳ ❚❤❡ s❛♠❡ r❡s✉❧ts ❤♦❧❞ ✇❤❡♥✱ ✐♥st❡❛❞✱ ✇❡ ❧♦♦❦ ❛t r❡❝❡✐✈✐♥❣ ❛t ❧❡❛st ♦♥❡ ❞♦♥❛t✐♦♥ ♣❡r ✇❡❡❦
❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✭❝♦❧✉♠♥s ✭✺✮✲✭✽✮✮✳ ❚❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛t ❧❡❛st ♦♥❡ ❞♦♥❛t✐♦♥ ❢r♦♠ ❛ ♥❡✇ ❞♦♥♦r ❣♦❡s
✉♣ ❜② ✶✵✳✸✪ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✱ ❜✉t ❞♦❡s ♥♦t ✐♥❝r❡❛s❡ s✐❣♥✐✜❝❛♥t❧② ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s✳ P❛♥❡❧ ❇ ♦❢ ❚❛❜❧❡ ✶✵
s❤♦✇s t❤❡ ❡st✐♠❛t✐♦♥ ❢♦r ♦❧❞ ❞♦♥♦rs✳ ❲❡ ❞♦ ♥♦t ✜♥❞ ❛♥② ❡✛❡❝t ♦❢ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ♦♥ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞
❢r♦♠ ♦❧❞ ❞♦♥♦rs ❢♦r ❡✐t❤❡r ♥❡✇ ♦r ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ❢♦r ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s ❛♥❞ ❢♦r r❡❝❡✐✈✐♥❣ ❛t ❧❡❛st
♦♥❡ ❞♦♥❛t✐♦♥ ♣❡r ✇❡❡❦✳ ❚❤✐s✱ ❛❣❛✐♥✱ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❡①♣❧❛♥❛t✐♦♥ t❤❛t ❚✇✐tt❡r ✐s ❡①♣❛♥❞✐♥❣ t❤❡ ❞♦♥♦r
❜❛s❡ ❜② ♣r♦✈✐❞✐♥❣ ❜❡tt❡r ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♣♦❧✐t✐❝✐❛♥s ♦r t❤❡✐r ♣♦❧✐❝✐❡s✳ ■♥ s✉♠✱ ❛❧❧ t❤❡ r❡s✉❧ts ✐♥ t❤✐s s❡❝t✐♦♥
❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❚✇✐tt❡r ❤❛✈✐♥❣ ❡✛❡❝t ♦♥ ♥❡✇ ❞♦♥♦rs r❛t❤❡r t❤❛♥ r❡♣❡❛t ❞♦♥♦rs ✇❤♦ ♣r❡s✉♠❛❜❧② ❛❧r❡❛❞②
❤❛✈❡ ❡♥♦✉❣❤ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ ♣♦❧✐t✐❝✐❛♥✳
✻✳✹✳✷ ❖t❤❡r ♠❡❛♥s ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥
❇❧♦❣❣✐♥❣ ♦♥ ❚✇✐tt❡r ❝♦✉❧❞ ❜❡ ❡s♣❡❝✐❛❧❧② ✉s❡❢✉❧ ✇❤❡♥ ✈♦t❡rs✬ ♦t❤❡r ❝❤❛♥♥❡❧s t♦ r❡❝❡✐✈❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♥❡✇
♣♦❧✐t✐❝✐❛♥s ❛♥❞ t❤❡✐r ♣♦❧✐❝✐❡s ❛r❡ ❧✐♠✐t❡❞✳ ■♥ t❤✐s s✉❜s❡❝t✐♦♥✱ ✇❡ r❡✲❡st✐♠❛t❡ ♦✉r ❜❡♥❝❤♠❛r❦ s♣❡❝✐✜❝❛t✐♦♥
❝♦♥s✐❞❡r✐♥❣ ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥ ♦❢ t❤❡ r❡❣✐♦♥ t❤❡ ♣♦❧✐t✐❝✐❛♥ ✐s ❢r♦♠✱ s❡♣❛r❛t✐♥❣ ❧♦✇ ❛♥❞ ❤✐❣❤ ♥❡✇s♣❛♣❡r
❝✐r❝✉❧❛t✐♦♥ r❡❣✐♦♥s✳✶✺
P❛♥❡❧ ❆ ♦❢ ❚❛❜❧❡ ✶✶ s❤♦✇s t❤❡ ❡st✐♠❛t❡s ❢♦r st❛t❡s ✇❤✐❝❤ ❤❛✈❡ ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥ ♣❡r ❝❛♣✐t❛ ❧♦✇❡r
t❤❛♥ t❤❡ ♠❡❞✐❛♥ ✇❤✐❧❡ P❛♥❡❧ ❇ ❝❛♣t✉r❡s t❤❡ ❡✛❡❝ts ❢♦r st❛t❡s ✇✐t❤ ❤✐❣❤❡r t❤❛♥ ♠❡❞✐❛♥ ❝✐r❝✉❧❛t✐♦♥✳ ■♥
P❛♥❡❧ ❆✱ ♦♥❡ ❝❛♥ s❡❡ t❤❛t ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✉s✐♥❣ ❚✇✐tt❡r ✐♥ ❤✐❣❤❡r ♣❡♥❡tr❛t✐♦♥ ❛♥❞ ❧♦✇ ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥
❛r❡❛s r❡❝❡✐✈❡ ❛ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❛♠♦✉♥t ♦❢ ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s ✭❝♦❧✉♠♥s ✭✶✮✲✭✹✮✮ ❛s ✇❡❧❧ ❛s ❛ ❤✐❣❤❡r
♣r♦❜❛❜✐❧✐t② ♦❢ r❡❝❡✐✈✐♥❣ ❛t ❧❡❛st ♦♥❡ ❞♦♥❛t✐♦♥ ♣❡r ✇❡❡❦ ✭❝♦❧✉♠♥s ✭✺✮✲✭✽✮✮✳ P❛♥❡❧ ❇ s❤♦✇s t❤❛t t❤❡ ❡✛❡❝ts
❤♦❧❞ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✼✮✮ ✐♥ ❤✐❣❤ ♥❡✇s♣❛♣❡r ❝✐r❝✉❧❛t✐♦♥ st❛t❡s ❜✉t t❤❡ ❡✛❡❝ts ❛r❡ ✇❡❛❦❡r
st❛t✐st✐❝❛❧❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧②✳ ❚❤❡ r❡s✉❧ts ❛r❡ s✉❣❣❡st✐✈❡ t❤❛t ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ s♦❝✐❛❧ ❛♥❞ tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛
❛r❡ s✉❜st✐t✉t❡s✳
❖✈❡r❛❧❧✱ t❤❡s❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ❚✇✐tt❡r ❛❝ts ❛s ❛ ❝❤❛♥♥❡❧ ✐♥❝r❡❛s✐♥❣ ❛✇❛r❡♥❡ss ❛❜♦✉t ♥❡✇ ♣♦❧✐t✐❝✐❛♥s
✶✺▲♦✇ ✭❤✐❣❤✮ ❝✐r❝✉❧❛t✐♦♥ r❡❢❡rs t♦ ❝✐r❝✉❧❛t✐♦♥ ♣❡r ❝❛♣✐t❛ ❜❡❧♦✇ ✭❛❜♦✈❡✮ t❤❡ ♠❡❞✐❛♥ ❝✐r❝✉❧❛t✐♦♥ ♣❡r ❝❛♣✐t❛ ❛❝r♦ss st❛t❡s✳
✶✽
❛♥❞ t❤❡✐r ♣♦❧✐❝✐❡s ♣❛rt✐❝✉❧❛r❧② ✇❤❡♥ ♦t❤❡r ❝❤❛♥♥❡❧s ♦❢ ✐♥❢♦r♠❛t✐♦♥✱ s✉❝❤ ❛s tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛✱ ❛r❡ ❧✐♠✐t❡❞✳
✻✳✹✳✸ ❚✇❡❡t✐♥❣ ❆❝t✐✈✐t② ❛♥❞ ❚✇❡❡t ❈♦♥t❡♥t
❚❤❡ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t ❚✇✐tt❡r ❛❝t✐✈✐t② ❜❡♥❡✜ts ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❜② ❛ttr❛❝t✐♥❣ ♥❡✇ ❞♦♥♦rs✱ ❛♥❞ ♠♦r❡
❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ❞♦ ♥♦t s❡❡ ❛ s✐❣♥✐✜❝❛♥t r❡t✉r♥ ❢r♦♠ ♦♣❡♥✐♥❣ ❛♥ ❛❝❝♦✉♥t ♦♥ ❚✇✐tt❡r✳ ❚♦ ❞♦❝✉♠❡♥t
✇❤② ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ♠✐❣❤t ❜❡ ❛ttr❛❝t✐♥❣ ♠♦r❡ ❞♦♥❛t✐♦♥s✱ ✇❡ ❛♥❛❧②③❡ t❤❡✐r ❚✇❡❡t✐♥❣ ❛❝t✐✈✐t② ❛❧♦♥❣ ✇✐t❤ t❤❡
❝♦♥t❡♥t ♦❢ t❤❡✐r ❚✇❡❡ts✱ ✇❤✐❝❤ ❛❧❧♦✇s ✉s t♦ t❡st ❍②♣♦t❤❡s✐s ✸ ❢♦r♠✉❧❛t❡❞ ❛❜♦✈❡✳
❚♦ t❤✐s ❡♥❞✱ ✇❡ ❢♦❝✉s ♦♥ t❤❡ ❝♦❡✣❝✐❡♥t ♦♥ t❤❡ tr✐♣❧❡ ✐♥t❡r❛❝t✐♦♥ t❡r♠ ❜❡t✇❡❡♥ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ① ❚✇✐tt❡r
♣❡♥❡tr❛t✐♦♥ ① ❞✐✛❡r❡♥t ♠❡❛s✉r❡s ♦❢ ❚✇❡❡t✐♥❣ ❛❝t✐✈✐t② ✇✐t❤✐♥ ❛ ✷✺ ✇❡❡❦ ✇✐♥❞♦✇ ♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥s ❥♦✐♥✐♥❣
❚✇✐tt❡r✳ ❲❡ ✉s❡ t❤❡ ♥✉♠❜❡r ♦❢ ❚✇❡❡ts ❛s t❤❡ ✐♥t❡♥s✐t② ✇✐t❤ ✇❤✐❝❤ ♣♦❧✐t✐❝✐❛♥s ✉s❡ ❚✇✐tt❡r ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢
❘❡t✇❡❡ts ❛s ❛ ♠❡❛s✉r❡ ♦❢ ♣♦♣✉❧❛r✐t② ♦❢ t❤❡✐r ❚✇❡❡ts✳ ❲❡ r❡♣♦rt t❤❡s❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✶✷✳ ❲❡ ✜♥❞ t❤❛t tr✐♣❧❡
✐♥t❡r❛❝t✐♦♥ t❡r♠ ❢♦r t✇❡❡ts ✐s ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ s❛♠♣❧❡ ♦❢ ♥❡✇ ✭❝♦❧✉♠♥ ✸✮ ♣♦❧✐t✐❝✐❛♥s✱ ❛♥❞ t❤❡
❡✛❡❝t ✐s ✐♥❞❡❡❞ str♦♥❣❡r ❢♦r ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❚✇❡❡t t❤❡ ♠♦st ❛❢t❡r ❥♦✐♥✐♥❣ ❚✇✐tt❡r ✐♥ ❛r❡❛s ♦❢ ❤✐❣❤❡r ❚✇✐tt❡r
♣❡♥❡tr❛t✐♦♥✳ ❚❤❡ s❛♠❡ ❝♦❡✣❝✐❡♥t ✐s ♠✉❝❤ s♠❛❧❧❡r ❛♥❞ ✐s ♥♦t s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ❛s
s❡❡♥ ✐♥ ❝♦❧✉♠♥ ✭✹✮✳ ❈♦❧✉♠♥s ✭✺✮✲✭✽✮ s❤♦✇ s✐♠✐❧❛r r❡s✉❧ts ✇❤❡♥ ✇❡ ✉s❡ t❤❡ ♥✉♠❜❡r ♦❢ ❘❡t✇❡❡ts ❛s ❛ ♠❡❛s✉r❡
♦❢ ♣♦♣✉❧❛r✐t②✳ ■♥ ❧✐♥❡ ✇✐t❤ ✐♥t✉✐t✐♦♥✱ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❣♦t ♠♦r❡ ❘❡t✇❡❡ts ❛r❡ ❧✐❦❡❧② t♦ ❣❡t ❛ ❧❛r❣❡r ✐♥❝r❡❛s❡
✐♥ ❞♦♥❛t✐♦♥s ✐♥ st❛t❡s ✇✐t❤ ❤✐❣❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ ✭❝♦❧✉♠♥ ✸✱ ❝♦❡✣❝✐❡♥t s✐❣♥✐✜❝❛♥t ❛t ✶✪✮✱ ✇❤✐❧❡ ❛ s✐♠✐❧❛r
tr✐♣❧❡ ✐♥t❡r❛❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s ♥♦t s✐❣♥✐✜❝❛♥t ❢♦r ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥ ✹✮✳
❚❤❡ ♣♦t❡♥t✐❛❧ s♦❝✐❛❧ ❝♦♥t❛❣✐♦♥ ❡✛❡❝t ♦❢ ❘❡t✇❡❡t✐♥❣ ❛❝t✐✈✐t② ✇♦r❦✐♥❣ ♦♥❧② ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✐s ✐♥ ❧✐♥❡ ✇✐t❤
♦✉r ♠♦❞❡❧ ✇❤❡r❡ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ✐♥❢♦r♠❛t✐♦♥ ❤❛s ❛ ❤✐❣❤❡r ♣❛②♦✛ t♦ t❤❡ r❡❧❛t✐✈❡❧② ❧❡ss❡r ❦♥♦✇♥ ❝❛♥❞✐❞❛t❡s✳✶✻
◆❡①t✱ ✇❡ ♠♦✈❡ ♦♥ t♦ ❛♥❛❧②③✐♥❣ t❤❡ ❝♦♥t❡♥t ♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥s✬ ❚✇❡❡ts✳ ■t ✐s ♣♦ss✐❜❧❡ t❤❛t ♥❡✇❡r ♣♦❧✐t✐❝✐❛♥s
✉s❡ ❚✇✐tt❡r ❛s ❛ ❝❤❛♥♥❡❧ t♦ ✐♥❢♦r♠ t❤❡✐r s✉♣♣♦rt❡rs ♦❢ t❤❡✐r ♣♦s✐t✐♦♥s ❛♥❞ ♣❧❛♥s✱ ♦r t❡❧❧ t❤❡♠ t♦ t❛❦❡ ♣❛rt
✐♥ t❤❡ ❝❛♠♣❛✐❣♥✐♥❣ ❛❝t✐✈✐t✐❡s✳ ❲❡ ✜♥❞ t❤❛t ❛❜♦✉t ✷✲✸✪ ♦❢ t❤❡ t♦t❛❧ ❚✇❡❡ts ✐♥❝❧✉❞❡ ❛ ❤②♣❡r❧✐♥❦✴❯❘▲✳
❲❡ ✜♥❞ t❤❛t ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ✉s❡ ❤②♣❡r❧✐♥❦s ♠♦r❡ ♦❢t❡♥ ❤❛✈❡ s✐❣♥✐✜❝❛♥t❧② ✭❛t ✶✪✮ ❤✐❣❤❡r ❞♦♥❛t✐♦♥s
✐♥ ❤✐❣❤ ♣❡♥❡tr❛t✐♦♥ ❛r❡❛s ✭❝♦❧✉♠♥ ✭✸✮ ✐♥ ❚❛❜❧❡ ✶✸✮✱ ✇❤✐❧❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦❡✣❝✐❡♥t ✐s ♥♦t s✐❣♥✐✜❝❛♥t
❢♦r ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s✳ ❙✐♠✐❧❛r❧②✱ ✇❡ ✜♥❞ t❤❛t ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ✉s❡ ♠♦r❡ ❵✐♥❝❧✉s✐✈❡✬ ♣r♦♥♦✉♥s s✉❝❤ ❛s
❵❲❡✬ ♠♦r❡ ♦❢t❡♥ ❛r❡ ❣❡tt✐♥❣ ❤✐❣❤❡r ❞♦♥❛t✐♦♥s ✐♥ ❤✐❣❤ ❚✇✐tt❡r ♣❡♥❡tr❛t✐♦♥ st❛t❡s✱ ✇❤✐❧❡ ✐t ❞♦❡s ♥♦t ❤❡❧♣ t❤❡
❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥s ✭✼✮ ❛♥❞ ✭✽✮ ♦❢ ❚❛❜❧❡ ✶✸✮✳✶✼
❲❡ ❛❧s♦ ❝❛rr② ♦✉t s❡♥t✐♠❡♥t ❛♥❛❧②s✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥t❡♥t ♦❢ t❤❡ ❚✇❡❡ts ❜② t❤❡ ♣♦❧✐t✐❝✐❛♥s ✐♥ ♦✉r s❛♠♣❧❡✳
■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ ✉s❡ t❤❡ ▲✐♥❣✉✐st✐❝ ■♥q✉✐r② ❛♥❞ ❲♦r❞ ❈♦✉♥t ♠❡t❤♦❞s ✇❤✐❝❤ ❛♥❛❧②③❡ t❤❡ ✉s❡ ♦❢ ❛rt✐❝❧❡s ❛♥❞
♣r♦♥♦✉♥s ❤✐❣❤❧✐❣❤t✐♥❣ ♣❡rs♦♥❛❧✐t② tr❛✐ts ♦❢ ✐♥❞✐✈✐❞✉❛❧s✳ ❚❤❡ s❝❛❧❡ ✇❡ ✉s❡ ✐s ❞❡✈❡❧♦♣❡❞ ❜② ❏❛♠❡s P❡♥♥❡❜❛❦❡r
❛♥❞ ✐s ✐♥t❡♥❞❡❞ t♦ ♠❡❛s✉r❡ t❤❡ t✐♠❡✲✐♥✈❛r✐❛♥t ♣❡rs♦♥❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧✳ ❚❤❡ ♠❡❛s✉r❡ t❛❦❡s
t❤❡ r❡❝❡♥t t✇❡❡ts ❢r♦♠ ❛ ❣✐✈❡♥ ❚✇✐tt❡r ❤❛♥❞❧❡ t♦ ❝♦♠♣✉t❡ ❛ s❝♦r❡ ✭❜❡t✇❡❡♥ ✵ t♦✶✵✵✮ ♦❢ t❤❡ ❛❝❝♦✉♥t ♦✇♥❡r✬s
❵s♦❝✐❛❧✬ ❛♥❞ ❵t❤✐♥❦✐♥❣✬ st②❧❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ ❛♥❛❧②③❡ ❤♦✇ ❜❡✐♥❣ ❵♣❧✉❣❣❡❞ ✐♥✬ ✭s♦❝✐❛❧ st②❧❡✮ ❛♥❞ ❵❛♥❛❧②t✐❝✬
✭t❤✐♥❦✐♥❣ st②❧❡✮ ❝♦rr❡❧❛t❡ ✇✐t❤ ❞♦♥❛t✐♦♥ ❧❡✈❡❧s✳ ◆❡✇ ♣♦❧✐t✐❝✐❛♥s ❛r❡ ♦♥ ❛✈❡r❛❣❡ ♠♦r❡ ♣❧✉❣❣❡❞ ✐♥ ❛♥❞ ❛♥❛❧②t✐❝
t❤❛♥ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭s❡❡ ❚❛❜❧❡ ✷✮✳ ❆ ❤✐❣❤❡r ♣❧✉❣❣❡❞ ✐♥ s❝♦r❡ ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ t♦t❛❧ s♦❝✐❛❧ st②❧❡
✶✻❲❡ ✜♥❞ t❤❛t ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s✱ ♦♥ ❛✈❡r❛❣❡✱ s❡♥❞ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❚✇❡❡ts ❛♥❞ r❡❝❡✐✈❡ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❘❡t✇❡❡ts
✭s❡❡ ❚❛❜❧❡ ✷✮✳
✶✼❲❡ s❤♦✇ t❤❛t ✉s✐♥❣ ❧❡ss ✐♥❝❧✉s✐✈❡ ✇♦r❞s ✭❡✳❣✳✱ ❵■✬✮ ❤❛s ♥♦ ✐♠♣❛❝t ♦♥ r❛✐s✐♥❣ ❞♦♥❛t✐♦♥s ✭❙❡❡ ❚❛❜❧❡ ❆✼ ❝♦❧✉♠♥s ✭✺✮✲✭✽✮ ✐♥ t❤❡
❆♣♣❡♥❞✐①✮✳
✶✾
s❝♦r❡s ✭✇❤✐❝❤❝♦♥s✐sts ♦❢ ❝❛t❡❣♦❡r✐❡s ♣❧✉❣❣❡❞ ✐♥✱ ♣❡rs♦♥❛❜❧❡✱ ❛rr♦❣❛♥t✱ ❛♥❞ s♣❛❝②✮ ❝♦rr❡❧❛t❡s ✇✐t❤ ❣❡tt✐♥❣
❤✐❣❤❡r ❞♦♥❛t✐♦♥s ❢♦r t❤❡ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❛♥❞ ♥♦t t❤❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s ✭❚❛❜❧❡ ✶✹ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮✮✳✶✽
❊✈❡♥t❤♦✉❣❤ ♥❡✇ ♣♦❧✐t✐❝✐❛♥s s❝♦r❡ ❤✐❣❤❡r ♦♥ ❛♥❛❧②t✐❝ ✐♥ t❤✐♥❦✐♥❣ st②❧❡✱ ✐t ✐s ♥♦t ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❤✐❣❤❡r
❞♦♥❛t✐♦♥s ✭❙❡❡ ❚❛❜❧❡ ❆✼ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✮✳
❖✈❡r❛❧❧✱ t❤❡ r❡s✉❧ts ✐♥ t❤✐s s✉❜s❡❝t✐♦♥ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥ t❤❛t ✉s✐♥❣ ❚✇✐tt❡r
♠♦r❡ ✐♥❢♦r♠❛t✐✈❡❧② ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❣r❡❛t❡r ✐♥❝r❡❛s❡ ✐♥ ❞♦♥❛t✐♦♥s r❡❝❡✐✈❡❞ ❢♦❧❧♦✇✐♥❣ ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r
❛❝❝♦✉♥t✳
✼ ❘♦❜✉st♥❡ss ❈❤❡❝❦s
✼✳✶ ❍❡t❡r♦❣❡♥❡♦✉s ❊✛❡❝ts ❇❡t✇❡❡♥ ❉❡♠♦❝r❛ts ❛♥❞ ❘❡♣✉❜❧✐❝❛♥s
❘❡♣✉❜❧✐❝❛♥ ❛♥❞ ❉❡♠♦❝r❛t✐❝ ✈♦t❡rs ❤❛✈❡ tr❛❞✐t✐♦♥❛❧❧② ❞✐✛❡r❡❞ ✐♥ ❞❡♠♦❣r❛♣❤✐❝ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❉❡♠♦❝r❛t✐❝
✈♦t❡rs ❛r❡ ❣❡♥❡r❛❧❧② ❡t❤♥✐❝❛❧❧② ♠♦r❡ ❞✐✈❡rs❡✱ ❤❛✈❡ ❤✐❣❤❡r ❡❞✉❝❛t✐♦♥✱ ❛r❡ r❡❧✐❣✐♦✉s❧② ✉♥❛✣❧✐❛t❡❞✱ ❛♥❞ ❤❛✈❡
❧♦✇❡r ✐♥❝♦♠❡✳ ❖♥❡ ♦r ♠♦r❡ ♦❢ t❤❡s❡ ❝❤❛r❛❝t❡r✐st✐❝s ♠❛② ❝♦rr❡❧❛t❡ ✇✐t❤ ✐♥t❡r♥❡t ♦r s♦❝✐❛❧ ♠❡❞✐❛ ✉s❡✱ ✐♠♣❧②✐♥❣
t❤❛t ❝❛♥❞✐❞❛t❡s r❡❣✐st❡r❡❞ ✇✐t❤ t❤❡ ❉❡♠♦❝r❛t✐❝ P❛rt② ♠❛② ❤❛✈❡ ❤✐❣❤❡r r❡t✉r♥s ❢r♦♠ ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ❜❡❝❛✉s❡
t❤❡ ♠❡❞✐✉♠ ❛♣♣❡❛❧s t♦ t❤❡✐r ❝♦♥st✐t✉❡♥ts✳ ❲❡ t❡st ✇❤❡t❤❡r ❚✇✐tt❡r ❤❛s ❛♥ ❛s②♠♠❡tr✐❝ ❡✛❡❝t ♦♥ ❝❛♥❞✐❞❛t❡s
❢r♦♠ t❤❡ t✇♦ ♣❛rt✐❡s✳
P❛♥❡❧ ❆ ♦❢ ❚❛❜❧❡ ❆✾ ✭✐♥ t❤❡ ❆♣♣❡♥❞✐①✮ s❤♦✇s t❤❡ ❡st✐♠❛t❡s ❢♦r t❤❡ ❉❡♠♦❝r❛ts ✇❤✐❧❡ P❛♥❡❧ ❇ ❞❡♠♦♥str❛t❡s
t❤❡ ❡✛❡❝ts ❢♦r t❤❡ ❘❡♣✉❜❧✐❝❛♥s✳ ■♥ P❛♥❡❧ ❆✱ ♦♥❡ ❝❛♥ s❡❡ t❤❛t ♥❡✇ ❉❡♠♦❝r❛t✐❝ ♣♦❧✐t✐❝✐❛♥s ✉s✐♥❣ ❚✇✐tt❡r ✐♥
❤✐❣❤❡r ♣❡♥❡tr❛t✐♦♥ ❛r❡❛s r❡❝❡✐✈❡ ❛ s✐❣♥✐✜❝❛♥t❧② ✭❛t t❤❡ ✶✪ ❧❡✈❡❧✮ ❤✐❣❤❡r ❛♠♦✉♥t ✐♥ ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s
✭❝♦❧✉♠♥s ✭✶✮✲✭✹✮✮ ❛♥❞ ❤❛✈❡ ❤✐❣❤❡r ♣r♦❜❛❜✐❧✐t② ♦❢ r❡❝❡✐✈✐♥❣ ❛t ❧❡❛st ♦♥❡ ❞♦♥❛t✐♦♥ ♣❡r ✇❡❡❦ ✭❝♦❧✉♠♥s ✭✺✮✲✭✽✮✮✳
❇✉t ❡①♣❡r✐❡♥❝❡❞ ❉❡♠♦❝r❛t✐❝ ♣♦❧✐t✐❝✐❛♥s ❞♦ ♥♦t s❤♦✇ ❛ ❣❛✐♥✳ ■♥ P❛♥❡❧ ❇✱ t❤❡ ❡✛❡❝ts ❤♦❧❞ ❢♦r ♥❡✇ ❘❡♣✉❜❧✐❝❛♥
♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✼✮✮ ❛s ✇❡❧❧✱ ❜✉t ❛t s✉❜st❛♥t✐❛❧❧② ✇❡❛❦❡r st❛t✐st✐❝❛❧ ❧❡✈❡❧s ✭s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵✪
❧❡✈❡❧✮✳ ❖✈❡r❛❧❧✱ t❤❡s❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ❚✇✐tt❡r ❛❞♦♣t✐♦♥ ❤❛s ❤❡t❡r♦❣❡♥❡♦✉s ❡✛❡❝ts ❛❝r♦ss t❤❡ t✇♦ ♣❛rt②
❝❛♥❞✐❞❛t❡s ❛♥❞ ❉❡♠♦❝r❛ts ❣❛✐♥ s✉❜st❛♥t✐❛❧❧② ♠♦r❡ ❢r♦♠ ✐t✱ ♣♦ss✐❜❧② ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞❡♠♦❣r❛♣❤✐❝ ❞✐✛❡r❡♥❝❡s
❜❡t✇❡❡♥ t❤❡ t❛r❣❡t ❛✉❞✐❡♥❝❡s ♦❢ t❤❡ t✇♦ ♣❛rt✐❡s✳
✼✳✷ ❊①❝❧✉❞✐♥❣ t❤❡ ❨❡❛r ✷✵✵✾
❖♥❡ ❝♦♥❝❡r♥ r❡❧❛t❡❞ t♦ ♦✉r ❜❛s❡❧✐♥❡ ❡st✐♠❛t✐♦♥ ✐s t❤❡ ❞✐s♣r♦♣♦rt✐♦♥❛t❡ ♥✉♠❜❡r ♦❢ ❛❝❝♦✉♥ts ♦♣❡♥❡❞ ✐♥ ✷✵✵✾✳
❲❤✐❧❡ ❛❧❧♦✇✐♥❣ ❢♦r ♣♦❧✐t✐❝✐❛♥✲♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ❛♥❞ ❛ ✇❡❡❦ t✐♠❡ tr❡♥❞ ✭♦r ✇❡❡❦ ✜①❡❞ ❡✛❡❝ts✮ t♦ ❛❝❝♦✉♥t
❢♦r ❛♥② ✐❞✐♦s②♥❝r❛s✐❡s ♦❢ ❛ ♣❛rt✐❝✉❧❛r t✐♠❡ ♣❡r✐♦❞✱ ✇❡ ✇♦✉❧❞ ♥♦t ✇❛♥t ♦✉r ❡st✐♠❛t❡s t♦ ❜❡ ❞r✐✈❡♥ ❜② ♦♥❧② ♦♥❡
②❡❛r✬s ✇♦rt❤ ♦❢ ❞❛t❛✳ ❍❡♥❝❡✱ ❛s ❛ r♦❜✉st♥❡ss ❝❤❡❝❦✱ ✇❡ ❡①❝❧✉❞❡ ❛♥② ❛❝❝♦✉♥ts ♦♣❡♥❡❞ ✐♥ ✷✵✵✾ ❛♥❞ r❡✲❡st✐♠❛t❡
♦✉r ❜❛s❡❧✐♥❡ s♣❡❝✐✜❝❛t✐♦♥✳
❚❛❜❧❡ ❆✷ ✐♥ t❤❡ ❆♣♣❡♥❞✐① s❤♦✇s t❤❛t t❤❡ r❡s✉❧ts r❡♠❛✐♥ ✐♥ ❧✐♥❡ ✇✐t❤ ♦✉r ❜❛s❡❧✐♥❡ ❡st✐♠❛t❡s ✇✐t❤ t❤❡
✇❤♦❧❡ s❛♠♣❧❡ ❜♦t❤ q✉❛❧✐t❛t✐✈❡❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧②✳ ❇❡✐♥❣ ♦♥ ❚✇✐tt❡r ✐♥ ❛ ❤✐❣❤ ♣❡♥❡tr❛t✐♦♥ st❛t❡ ❧❡❛❞s t♦
❤✐❣❤❡r ❛❣❣r❡❣❛t❡ ❞♦♥❛t✐♦♥s ✭❝♦❧✉♠♥s ✭✶✮ t♦ ✭✹✮✮ ❛s ✇❡❧❧ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❣❡tt✐♥❣ ❛t ❧❡❛st ♦♥❡ ❞♦♥❛t✐♦♥ ♣❡r
✶✽■t ✐s ❛❧s♦ ✐♥t❡r❡st✐♥❣ t♦ ♥♦t❡ t❤❛t ♦t❤❡r s♦❝✐❛❧ st②❧❡s ❞♦ ♥♦t ❝♦rr❡❧❛t❡ ✇✐t❤ ❞♦♥❛t✐♦♥s✳ ❲❡ ❛❧s♦ ❛♥❛❧②③❡ ❤♦✇ ❡♠♦t✐♦♥❛❧ st②❧❡s
❝♦rr❡❧❛t❡ ✇✐t❤ ❞♦♥❛t✐♦♥s✱ ❢♦❝✉s✐♥❣ ♦♥ t❤❡ ✐♠♣❛❝t ♦❢ ❵✇♦rr✐❡❞ ❡♠♦t✐♦♥❛❧ st②❧❡✬✳ ❆ ✇♦rr✐❡❞ st②❧❡ ❞♦❡s ♥♦t ❝♦rr❡❧❛t❡ ✇✐t❤ ❞♦♥❛t✐♦♥s
r❛✐s❡❞ ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❜✉t ✐t ✐s ♥❡❣❛t✐✈❡❧② ❝♦rr❡❧❛t❡❞ ❢♦r ❡①♣❡r✐❡♥❝❡❞ ♣♦❧✐t✐❝✐❛♥s ✭s❡❡ ❚❛❜❧❡ ❆✽ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✮✳
✷✵
✇❡❡❦ ✭❝♦❧✉♠♥s ✭✺✮ t♦ ✭✽✮✮ ❜✉t t❤❡s❡ ❡✛❡❝ts ❤♦❧❞ ♦♥❧② ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ❛♥❞ ♥♦t t❤❡ ♠♦r❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s✳
❚❤✐s ✐s ❡①❛❝t❧② t❤❡ t❛❦❡❛✇❛② ❢r♦♠ ♦✉r ♠❛✐♥ ❡st✐♠❛t❡s ✇✐t❤ t❤❡ ❢✉❧❧ s❛♠♣❧❡✳
✼✳✸ ❊①❝❧✉❞✐♥❣ ❈❛♠♣❛✐❣♥ P❡r✐♦❞s
❚❤❡ ♠❛✐♥ ❝♦♥❝❡r♥ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ ✐s ♦t❤❡r ❡✈❡♥ts s✉❝❤ ❛s ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s ❤❛♣♣❡♥✐♥❣ ❛t
t❤❡ s❛♠❡ t✐♠❡ ✇✐t❤ ♦♣❡♥✐♥❣ ❛ ❚✇✐tt❡r ❛❝❝♦✉♥t ✇❤✐❝❤ ♠✐❣❤t ❜❡ ❞r✐✈✐♥❣ ❞♦♥❛t✐♦♥s✳ ❲❤✐❧❡ ♦✉r ♣❧❛❝❡❜♦ ❝❤❡❝❦s
♣r♦✈✐❞❡ ❝♦♥✜❞❡♥❝❡ t❤❛t t❤✐s ✐♥❞❡❡❞ ✐s ♥♦t t❤❡ ❝❛s❡✱ ✇❡ ❝♦♥❞✉❝t ❛♥♦t❤❡r t❡st t♦ ❝❤❡❝❦ t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r
r❡s✉❧ts✳ ❙✐♥❝❡ ❡❧❡❝t✐♦♥s t❛❦❡ ♣❧❛❝❡ ✐♥ ❡✈❡♥ ♥✉♠❜❡r❡❞ ②❡❛rs ✭✷✵✶✵✱ ✷✵✶✷ ❛♥❞ ✷✵✶✹ ✐♥ ♦✉r s❛♠♣❧❡✮✱ ✐t ✐s ❧✐❦❡❧②
t❤❛t ✐♥ t❤❡ ✜rst ❤❛❧❢ ♦❢ ❡❛❝❤ ♦❢ t❤❡ ♦❞❞ ♥✉♠❜❡r❡❞ ②❡❛rs ✭✷✵✵✾✱ ✷✵✶✶✱ ✷✵✶✸✮ ❝❛♠♣❛✐❣♥ ❛❝t✐✈✐t✐❡s ✇♦✉❧❞ ❜❡
❧✐♠✐t❡❞✳ ❍❡♥❝❡✱ ✇❡ r❡✲❡st✐♠❛t❡ ♦✉r ❞✐✛✲✐♥✲❞✐✛ s♣❡❝✐✜❝❛t✐♦♥s ✇✐t❤ ♦♥❧② t❤❡ ✜rst s✐① ♠♦♥t❤s ♦❢ ✷✵✵✾✱ ✷✵✶✶ ❛♥❞
✷✵✶✸✳
■♥ ❚❛❜❧❡ ❆✸ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✱ ✇❡ ✜♥❞ t❤❛t ❡✈❡♥ ✇❤❡♥ ✇❡ ❢♦❝✉s ♦♥❧② ♦♥ t❤✐s ❞✐s❝♦♥♥❡❝t❡❞ ✶✽ ♠♦♥t❤
♣❡r✐♦❞✱ t❤❡ ❡✛❡❝t ♦❢ ✉s✐♥❣ ❚✇✐tt❡r ✐♥ ❛ ❤✐❣❤ ♣❡♥❡tr❛t✐♦♥ st❛t❡ ♣❡rs✐sts ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s ✭❝♦❧✉♠♥s ✭✷✮ ❛♥❞
✭✺✮✮ ✇❤✐❧❡ r❡s✉❧ts r❡♠❛✐♥ ✐♥s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ ❡①♣❡r✐❡♥❝❡❞ ♦♥❡s ✭❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✻✮✮✳ P✉tt✐♥❣ ❜♦t❤ t②♣❡s
♦❢ ♣♦❧✐t✐❝✐❛♥s t♦❣❡t❤❡r ✭❝♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✹✮✮ ❧❡❛❞s t♦ ✐♥s✐❣♥✐✜❝❛♥t r❡s✉❧ts✱ ♣r❡s✉♠❛❜❧② ❜❡❝❛✉s❡ ♦❢ ❛ ❧❛❝❦ ♦❢
♣♦✇❡r ❛♥❞ ❧✐♠✐t❡❞ ✈❛r✐❛t✐♦♥ s✐♥❝❡ ✇❡ ♦♥❧② ✉s❡ ❛ q✉❛rt❡r ♦❢ t❤❡ ❡♥t✐r❡ ❞❛t❛✳
✽ ❈♦♥❝❧✉s✐♦♥
❊❧❡❝t♦r❛❧ ❝❛♠♣❛✐❣♥s ✐♥ t❤❡ ♣❛st ❝♦✉♣❧❡ ②❡❛rs ❤❛✈❡ s❡❡♥ ❛ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡ ✐♥ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧s
✉s❡❞ ❜② t❤❡ ❝❛♥❞✐❞❛t❡s t♦ r❡❛❝❤ ♦✉t t♦ t❤❡ ❡❧❡❝t♦r❛t❡✳✶✾ ❆ ♥♦t❛❜❧❡ ❝❤❛♥❣❡ ❞✉r✐♥❣ t❤✐s ♣❡r✐♦❞ ✇❛s t❤❡
✐♥t❡♥s✐✜❡❞ ✉s❡ ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ♣❧❛t❢♦r♠s t♦ r❡❛❝❤ ♦✉t ❛♥❞ ✐♥❢♦r♠ ✈♦t❡rs✱ ♣❛rt✐❛❧❧② ❡❧✐♠✐♥❛t✐♥❣ ❞❡♣❡♥❞❡♥❝❡ ♦♥
t❤❡ tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ♦✉t❧❡ts s✉❝❤ ❛s ♥❡✇s♣❛♣❡rs ❛♥❞ t❡❧❡✈✐s✐♦♥✳ ❚❤❡ ❡ss❡♥t✐❛❧ q✉❡st✐♦♥ r❡♠❛✐♥s✱ ❞♦❡s t❤❡ ✉s❡
♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ❛❝❝♦✉♥ts ❜② ♣♦❧✐t✐❝✐❛♥s ❢✉♥❞❛♠❡♥t❛❧❧② ❛❧t❡r ❛♥② ❛s♣❡❝t ♦❢ ❡❧❡❝t♦r❛❧ ♣♦❧✐t✐❝s❄ ▼♦r❡ ❜r♦❛❞❧②✱
❝❛♥ ✐♥♥♦✈❛t✐♦♥s ✐♥ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❡❝❤♥♦❧♦❣✐❡s ❝❤❛♥❣❡ t❤❡ ✇❛② ♣♦❧✐t✐❝❛❧ ♠❛r❦❡ts ♦♣❡r❛t❡❄ ■♥ t❤✐s st✉❞②✱ ✇❡
❞♦❝✉♠❡♥t t❤❛t ❛ ♣♦❧✐t✐❝✐❛♥✬s ❡♥tr② ♦♥ ❚✇✐tt❡r ❝❛♥ ❤❡❧♣ ❤❡r t♦ ❛ttr❛❝t ♥❡✇ ❞♦♥❛t✐♦♥s✳ ❖✈❡r❛❧❧✱ r❡s✉❧ts ✐♠♣❧②
t❤❛t s♦❝✐❛❧ ♠❡❞✐❛ ❝❛♥ ❤❡❧♣ t♦ ❞❡♠♦❝r❛t✐③❡ ❡❧❡❝t♦r❛❧ ♣♦❧✐t✐❝s ❜② r❡❞✉❝✐♥❣ t❤❡ ❜❛rr✐❡rs ❢♦r ♥❡✇ ♣♦❧✐t✐❝✐❛♥s t♦
r❛✐s❡ ♠♦♥❡② ❢r♦♠ t❤❡ ♣✉❜❧✐❝✳
▼❛♥② ❛✈❡♥✉❡s ♦❢ ❢✉t✉r❡ r❡s❡❛r❝❤ ❧✐❡ ❛t t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ ❛❞♦♣t✐♦♥ ♦❢ ♥❡✇ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❡❝❤♥♦❧♦❣✐❡s
❛♥❞ ♣♦❧✐t✐❝❛❧ ♦✉t❝♦♠❡s✳ ❋✉t✉r❡ st✉❞✐❡s ❝❛♥ ❡①♣❛♥❞ t❤❡ ✜♥❞✐♥❣s ❢r♦♠ ♦✉r st✉❞② t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡①t❡♥t ♦❢
s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♥❡✇ ❛♥❞ tr❛❞✐t✐♦♥❛❧ ♠❡❞✐❛ ❝❤❛♥♥❡❧s✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❡ ❞♦ ♥♦t st✉❞② ❤♦✇ ♣♦❧✐t✐❝❛❧
❛❞✈❡rt✐s✐♥❣ ❛♥❞ ✉s❡ ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ♠❛② ❜❡ ❝♦♠♣❧❡♠❡♥ts ♦r s✉❜st✐t✉t❡s ✐♥ ❞❡❧✐✈❡r✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t
t❤❡ ❝❛♥❞✐❞❛t❡s ❛♥❞ t❤❡✐r ♣♦❧✐❝✐❡s t♦ ✈♦t❡rs✳ ❋✉rt❤❡r✱ ❛ ✉♥✐q✉❡ ❢❡❛t✉r❡ ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ✐s ❡♥❛❜❧✐♥❣ t✇♦✲✇❛②
❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❖♥❡ ❛❞❞✐t✐♦♥❛❧ ❢❡❛t✉r❡ ♦❢ s♦❝✐❛❧ ♠❡❞✐❛ ♠❛② ❜❡ t❤❡ ❛❜✐❧✐t② t♦ ❧✐st❡♥ t♦ ❝✐t✐③❡♥s✬ ❝♦♥❝❡r♥s ❛♥❞
r❡s♣♦♥❞ ❜② ♣♦❧✐❝② ♣r♦♣♦s❛❧s✳ ❖✉r r❡s✉❧ts ❛r❡ ♥♦t ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ ♣♦❧✐t✐❝❛❧ ♣♦❧❛r✐③❛t✐♦♥✱ ❜✉t s✐♥❝❡ ♥❡✇
♣♦❧✐t✐❝✐❛♥s ❛r❡ ❧✐❦❡❧② t♦ ❛✈♦✐❞ str♦♥❣ st❛t❡♠❡♥ts✱ t❤❡② ❝❛♥ ❡①♣❧❛✐♥ ✇❤② s♦❝✐❛❧ ♠❡❞✐❛ ❞♦❡s ♥♦t s❡❡♠ t♦ ❜❡
❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠✉❝❤ ❤✐❣❤❡r ♣♦❧✐t✐❝❛❧ ♣♦❧❛r✐③❛t✐♦♥ ✭●❡♥t③❦♦✇ ❡t ❛❧✳✱ ✷✵✶✶❀ ❍❛❧❜❡rst❛♠ ❛♥❞ ❑♥✐❣❤t✱ ✷✵✶✹✮✳
✶✾❆♥❞r❡✇s✱ ◆❛t❛❧✐❡ ❛♥❞ ❘❡❜❡❝❝❛ ❇❛❧❧❤❛✉s✱ ✏❚✇✐tt❡r ❈♦✉rts ❯✳❙✳ Pr❡s✐❞❡♥t✐❛❧ ❈❛♠♣❛✐❣♥s ❲✐t❤ ◆❡✇ ❉♦♥❛t✐♦♥s ❙❡r✈✐❝❡✱✑ ❲❛❧❧
❙tr❡❡t ❏♦✉r♥❛❧✱ ✷✵✶✺✳
✷✶
❋✐♥❛❧❧②✱ ✐♥ ♦✉r st✉❞② ✇❡ ❢♦❝✉s ♦♥ t❤❡ ❡✛❡❝t ♦❢ ♦♣❡♥✐♥❣ ❛ ♥❡✇ ❝❤❛♥♥❡❧ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦♥ ❝❛♥❞✐❞❛t❡s✬
❢✉♥❞ r❛✐s✐♥❣✱ ❜✉t ❜❡✐♥❣ ♦♥ ❚✇✐tt❡r ✇✐❧❧ ❛❧s♦ ✐♥✢✉❡♥❝❡ t❤❡ ♣♦❧✐t✐❝✐❛♥s ✇❤♦ ❛r❡ ✐♥ t❤❡ ♦✣❝❡✳ ❙♦♠❡ ♦❢ t❤❡
❛❝t✐✈✐t✐❡s ✐♥ ♦✣❝❡ ♠❛② ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② ♣♦❧✐t✐❝✐❛♥s✬ ♣r❡s❡♥❝❡ ♦♥ ❝❤❛♥♥❡❧s ❧✐❦❡ ❚✇✐tt❡r✱ s✐♥❝❡ ❛❝❝♦✉♥ts ✇❤✐❝❤
❛❧❧♦✇ ❝✐t✐③❡♥s t♦ ❡♥❣❛❣❡ ✐♥ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♠❛② ❢♦r❝❡ t❤❡ ♣♦❧✐t✐❝✐❛♥s t♦ ❜❡ ♠♦r❡ ❛❝❝♦✉♥t❛❜❧❡✳ ❆❧❧ ♦❢ t❤❡ ❧✐st❡❞
❛r❡ ✐♠♣♦rt❛♥t q✉❡st✐♦♥s✱ ❛♥❞ ❢✉t✉r❡ st✉❞✐❡s ♠❛② ❝♦♥s✐❞❡r ❛❞❞r❡ss✐♥❣ t❤❡♠✳
❘❡❢❡r❡♥❝❡s
▲♦r✐❡♥ ❈ ❆❜r♦♠s ❛♥❞ ❘ ❈r❛✐❣ ▲❡❢❡❜✈r❡✳ ❖❜❛♠❛✬s ✇✐r❡❞ ❝❛♠♣❛✐❣♥✿ ▲❡ss♦♥s ❢♦r ♣✉❜❧✐❝ ❤❡❛❧t❤ ❝♦♠♠✉♥✐❝❛t✐♦♥✳
❏♦✉r♥❛❧ ♦❢ ❤❡❛❧t❤ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✶✹✭✺✮✿✹✶✺✕✹✷✸✱ ✷✵✵✾✳
❉❛r♦♥ ❆❝❡♠♦❣❧✉✱ ❚❛r❡❦ ❆ ❍❛ss❛♥✱ ❛♥❞ ❆❤♠❡❞ ❚❛❤♦✉♥✳ ❚❤❡ ♣♦✇❡r ♦❢ t❤❡ str❡❡t✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❡❣②♣t✬s
❛r❛❜ s♣r✐♥❣✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✱ ✷✵✶✹✳
▼❛❥❛ ❆❞❡♥❛✱ ❘✉❜❡♥ ❊♥✐❦♦❧♦♣♦✈✱ ▼❛r✐❛ P❡tr♦✈❛✱ ❱❡r♦♥✐❝❛ ❙❛♥t❛r♦s❛✱ ❛♥❞ ❊❦❛t❡r✐♥❛ ❩❤✉r❛✈s❦❛②❛✳ ❘❛❞✐♦ ❛♥❞
t❤❡ r✐s❡ ♦❢ t❤❡ ♥❛③✐s ✐♥ ♣r❡✇❛r ❣❡r♠❛♥②✳ ❆✈❛✐❧❛❜❧❡ ❛t ❙❙❘◆ ✷✷✹✷✹✹✻✱ ✷✵✶✹✳
❙t❡♣❤❡♥ ❆♥s♦❧❛❜❡❤❡r❡ ❛♥❞ ❏❛♠❡s ▼ ❙♥②❞❡r ❏r✳ ❖❧❞ ✈♦t❡rs✱ ♥❡✇ ✈♦t❡rs✱ ❛♥❞ t❤❡ ♣❡rs♦♥❛❧ ✈♦t❡✿ ❯s✐♥❣
r❡❞✐str✐❝t✐♥❣ t♦ ♠❡❛s✉r❡ t❤❡ ✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡✳ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❙❝✐❡♥❝❡✱ ✹✹✭✶✮✿✶✼✕✸✹✱
✷✵✵✵✳
❙t❡♣❤❡♥ ❆♥s♦❧❛❜❡❤❡r❡✱ ❘❡❜❡❝❝❛ ▲❡ss❡♠✱ ❛♥❞ ❏❛♠❡s ▼ ❙♥②❞❡r✳ ❚❤❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ ♥❡✇s♣❛♣❡r ❡♥❞♦rs❡♠❡♥ts
✐♥ ✉s ❡❧❡❝t✐♦♥s✱ ✶✾✹✵✕✷✵✵✷✳ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❙❝✐❡♥❝❡✱ ✶✭✹✮✿✸✾✸✕✹✵✹✱ ✷✵✵✻❛✳
❙t❡♣❤❡♥ ❆♥s♦❧❛❜❡❤❡r❡✱ ❊r✐❦ ❈ ❙♥♦✇❜❡r❣✱ ❛♥❞ ❏❛♠❡s ▼ ❙♥②❞❡r✳ ❚❡❧❡✈✐s✐♦♥ ❛♥❞ t❤❡ ✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡
✐♥ ✉s ❡❧❡❝t✐♦♥s✳ ▲❡❣✐s❧❛t✐✈❡ ❙t✉❞✐❡s ◗✉❛rt❡r❧②✱ ✸✶✭✹✮✿✹✻✾✕✹✾✵✱ ✷✵✵✻❜✳
❙❝♦tt ❆s❤✇♦rt❤✳ ❈❛♠♣❛✐❣♥ ✜♥❛♥❝❡ ❛♥❞ ✈♦t❡r ✇❡❧❢❛r❡ ✇✐t❤ ❡♥tr❡♥❝❤❡❞ ✐♥❝✉♠❜❡♥ts✳ ❆♠❡r✐❝❛♥ P♦❧✐t✐❝❛❧
❙❝✐❡♥❝❡ ❘❡✈✐❡✇✱ ✶✵✵✭✵✶✮✿✺✺✕✻✽✱ ✷✵✵✻✳
❏♦❞② ❈ ❇❛✉♠❣❛rt♥❡r ❛♥❞ ❏♦♥❛t❤❛♥ ❙ ▼♦rr✐s✳ ❲❤♦ ✇❛♥ts t♦ ❜❡ ♠② ❢r✐❡♥❞❄ ♦❜❛♠❛✱ ②♦✉t❤ ❛♥❞ s♦❝✐❛❧ ♥❡t✇♦r❦s
✐♥ t❤❡ ✷✵✵✽ ❝❛♠♣❛✐❣♥✳ ❈♦♠♠✉♥✐❝❛t♦r✲✐♥✲❝❤✐❡❢✿ ❍♦✇ ❇❛r❛❝❦ ❖❜❛♠❛ ✉s❡❞ ♥❡✇ ♠❡❞✐❛ t❡❝❤♥♦❧♦❣② t♦ ✇✐♥ t❤❡
❲❤✐t❡ ❍♦✉s❡✱ ♣❛❣❡s ✺✶✕✻✻✱ ✷✵✶✵✳
❚✐♠♦t❤② ❇❡s❧❡②✱ ❚♦rst❡♥ P❡rss♦♥✱ ❛♥❞ ❉❛♥✐❡❧ ▼ ❙t✉r♠✳ P♦❧✐t✐❝❛❧ ❝♦♠♣❡t✐t✐♦♥✱ ♣♦❧✐❝② ❛♥❞ ❣r♦✇t❤✿ t❤❡♦r②
❛♥❞ ❡✈✐❞❡♥❝❡ ❢r♦♠ t❤❡ ✉s✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ✼✼✭✹✮✿✶✸✷✾✕✶✸✺✷✱ ✷✵✶✵✳
❇r②❛♥ ❑ ❇♦❧❧✐♥❣❡r✱ ▼✐❝❤❛❡❧ ❆♥❞r❡✇ ❈♦❤❡♥✱ ❛♥❞ ❏✐❛♥❣ ▲❛✐✳ ▼❡❛s✉r✐♥❣ ❛s②♠♠❡tr✐❝ ♣❡rs✐st❡♥❝❡ ❛♥❞ ✐♥t❡r❛❝t✐♦♥
❡✛❡❝ts ♦❢ ♠❡❞✐❛ ❡①♣♦s✉r❡s ❛❝r♦ss ♣❧❛t❢♦r♠s✳ ❆✈❛✐❧❛❜❧❡ ❛t ❙❙❘◆ ✷✸✹✷✸✹✾✱ ✷✵✶✸✳
❉❛♥❛❤ ❇♦②❞ ❛♥❞ ❆❧✐❝❡ ▼❛r✇✐❝❦✳ ❙♦❝✐❛❧ ♣r✐✈❛❝② ✐♥ ♥❡t✇♦r❦❡❞ ♣✉❜❧✐❝s✿ ❚❡❡♥s✬ ❛tt✐t✉❞❡s✱ ♣r❛❝t✐❝❡s✱ ❛♥❞
str❛t❡❣✐❡s✳ ■♥ ❆ ❉❡❝❛❞❡ ✐♥ ■♥t❡r♥❡t ❚✐♠❡✿ ❙②♠♣♦s✐✉♠ ♦♥ t❤❡ ❉②♥❛♠✐❝s ♦❢ t❤❡ ■♥t❡r♥❡t ❛♥❞ ❙♦❝✐❡t②✳
■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❆ss♦❝✐❛t✐♦♥✱ ❇♦st♦♥✱ ▼❆✱ ✷✵✶✶✳
✷✷
❉❛♥❛❤ ▼ ❇♦②❞ ❛♥❞ ◆✐❝♦❧❡ ❇ ❊❧❧✐s♦♥✳ ❙♦❝✐❛❧ ♥❡t✇♦r❦ s✐t❡s✿ ❉❡✜♥✐t✐♦♥✱ ❤✐st♦r②✱ ❛♥❞ s❝❤♦❧❛rs❤✐♣✳ ■♥ ❖♥❧✐♥❡
❈♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ❈♦❧❧❛❜♦r❛t✐♦♥✿ ❆ ❘❡❛❞❡r ✭❊❞s✳ ❍❡❧❡♥ ❉♦♥❡❧❛♥✱ ❑❛r❡♥ ❑❡❛r✱ ❛♥❞ ▼❛❣♥✉s ❘❛♠❛❣❡✮✱
♣❛❣❡s ✷✻✶✕ ✷✽✶✱ ✷✵✶✵✳
❏❛♠✐❡ ▲ ❈❛rs♦♥✱ ❊r✐❦ ❏ ❊♥❣str♦♠✱ ❛♥❞ ❏❛s♦♥ ▼ ❘♦❜❡rts✳ ❈❛♥❞✐❞❛t❡ q✉❛❧✐t②✱ t❤❡ ♣❡rs♦♥❛❧ ✈♦t❡✱ ❛♥❞ t❤❡
✐♥❝✉♠❜❡♥❝② ❛❞✈❛♥t❛❣❡ ✐♥ ❝♦♥❣r❡ss✳ ❆♠❡r✐❝❛♥ P♦❧✐t✐❝❛❧ ❙❝✐❡♥❝❡ ❘❡✈✐❡✇✱ ✶✵✶✭✵✷✮✿✷✽✾✕✸✵✶✱ ✷✵✵✼✳
▼❛r❝♦s ❈❤❛♠♦♥ ❛♥❞ ❊t❤❛♥ ❑❛♣❧❛♥✳ ❚❤❡ ✐❝❡❜❡r❣ t❤❡♦r② ♦❢ ❝❛♠♣❛✐❣♥ ❝♦♥tr✐❜✉t✐♦♥s✿ P♦❧✐t✐❝❛❧ t❤r❡❛ts ❛♥❞
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News mentions and joining Twitter, controlling for candidate and week f.e.
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Blog mentions and joining Twitter, controlling for candidate and week f.e.
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❚❤❡ ❙tr❡❛♠✐♥❣ ❆P■ ❛❧❧♦✇s r❡s❡❛r❝❤❡rs t♦ t❛♣ ✐♥t♦ ✶✪ ♦❢ ❛❧❧ ✐♥❝♦♠✐♥❣ t✇❡❡ts ✐♥ ❛ r❛♥❞♦♠ ❢❛s❤✐♦♥ ❛♥❞ ✇✐t❤♦✉t
t❤❡ ❞❛t❛ ❡①tr❛❝t✐♦♥ ❧✐♠✐ts ♦❢ t❤❡ ❘❊❙❚ ❆P■✳ ❱✐❛ t❤❡ ❙tr❡❛♠✐♥❣ ❆P■✱ ✇❡ ❛r❡ ✉♥❛❜❧❡ t♦ ♦❜t❛✐♥ ❡✈❡r② t✇❡❡t
♣♦st❡❞ ♦♥ ❚✇✐tt❡r✱ ❜✉t ✇❡ ♦❜t❛✐♥ ❛ ❝♦♥s✐st❡♥t r❛♥❞♦♠ s❛♠♣❧❡ ♦❢ t❤❡♠✳ ❲❡ ✉s❡ t❤✐s ❆P■ ✇❤❡♥ ✇❡ ♥❡❡❞ ♠❛ss✐✈❡
❛♠♦✉♥ts ♦❢ ❞❛t❛✿ t❤❡ ❢♦❧❧♦✇❡rs✬ ♣r♦✜❧❡ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡✐r t✇❡❡t✐♥❣ ❛❝t✐✈✐t② ❞❛t❛✳
❱❡r✐✜❝❛t✐♦♥ ♦❢ P♦❧✐t✐❝✐❛♥ ❚✇✐tt❡r ❆❝❝♦✉♥ts✳ ❆❢t❡r ❞❛t❛ ❝♦❧❧❡❝t✐♦♥✱ ❛ r❡s❡❛r❝❤ ❛ss✐st❛♥t ✇❤♦ ✐s ❜❧✐♥❞ t♦ t❤❡
r❡s❡❛r❝❤ q✉❡st✐♦♥ ♠❛♥✉❛❧❧② ✈❡r✐✜❡❞ t❤❡ ♣♦❧✐t✐❝✐❛♥ ❛❝❝♦✉♥ts✳ ❚❤❡ ✈❡r✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♣♦❧✐t✐❝✐❛♥ ❛❝❝♦✉♥ts ❝♦✉❧❞ ❛❧s♦
♣❛rt✐❛❧❧② ❜❡ ❤❛♥❞❧❡❞ ✈✐❛ t❤❡ ❚✇✐tt❡r ❆P■ ✜❡❧❞ ✈❡r✐✜❡❞ ✇❤✐❝❤ s❤♦✇s ✇❤❡t❤❡r ♦r ♥♦t ❛♥ ❛❝❝♦✉♥t ✐s ✈❡r✐✜❡❞✳ ❍♦✇❡✈❡r✱
s♦♠❡ ❝♦♥❣r❡ss♠❛♥ ❤♦❧❞ ✉♥✈❡r✐✜❡❞ ❛❝❝♦✉♥ts✱ ❛❧t❤♦✉❣❤ ❢r♦♠ t❤❡ ♣♦st❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♣r♦✜❧❡s✱ ✐t ✐s ♣❧❛✉s✐❜❧❡ t♦
❛ss✉♠❡ t❤❡ ❛❝❝♦✉♥ts ❛r❡ ❛✉t❤❡♥t✐❝✳
❙❡❛r❝❤✐♥❣ ❢♦r ❛ ❈❛♥❞✐❞❛t❡✬s ❆❝❝♦✉♥t✳ ❚❤❡ s❡❛r❝❤ ❢♦r ❛ ❝❛♥❞✐❞❛t❡ ❛❝❝♦✉♥t ♦♥ ❚✇✐tt❡r ✐s ✐♥✐t✐❛t❡❞ ❜② s❡❛r❝❤✐♥❣
❢♦r ❡❛❝❤ ❝❛♥❞✐❞❛t❡✬s ♥❛♠❡ ✈✐❛ t❤❡ ❚✇✐tt❡r ❆P■✱ ❛♥❞ ❞❡❞✉❝❡❞ ✇❤✐❝❤ ❤❛♥❞❧❡ ✇❛s ❤✐s ♦r ❤❡rs ❛❧❣♦r✐t❤♠✐❝❛❧❧② ❛♥❞
s✉❜s❡q✉❡♥t❧② ❝❤❡❝❦❡❞ ♠❛♥✉❛❧❧② ❜② ❛♥ ❘❆✳
✺✾
❈❤❛♣t❡r ■■✿ ❈❧✐❝❦s ❛♥❞ ❊❞✐t♦r✐❛❧ ❉❡❝✐s✐♦♥s✿
❍♦✇ ❞♦❡s P♦♣✉❧❛r✐t② ❙❤❛♣❡ ❖♥❧✐♥❡ ◆❡✇s ❈♦✈❡r❛❣❡❄
✇✐t❤ P✐♥❛r ❨✐❧❞✐r✐♠
∗
✏❚❤❡ ◆❡✇ ❨♦r❦ ❚✐♠❡s ✭◆❨❚✮ ❡❞✐t♦rs t❤❛t s♣❡♥❞ t❤❡✐r ❡♥t✐r❡ ❞❛② ❞❡❝✐❞✐♥❣ ✇❤❛t
❣♦❡s ♦♥ ◆❨❚✳❝♦♠ ❞♦♥✬t ♠❛❦❡ ❛♥② ♦❢ t❤❡✐r ❞❡❝✐s✐♦♥s ❜❛s❡❞ ♦♥ ✇❡❜ st❛ts✑ ✲ ❏✐♠
❘♦❜❡rts✶
✶ ■♥tr♦❞✉❝t✐♦♥
❚❤❡r❡ ✐s ♦✈❡r✇❤❡❧♠✐♥❣ ❡✈✐❞❡♥❝❡ t❤❛t ♥❡✇s ❛✛❡❝ts ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢ ♦✉t❝♦♠❡s r❛♥❣✐♥❣ ❢r♦♠ ✈♦t✐♥❣
✭●❡♥t③❦♦✇ ❡t ❛❧✳ ✷✵✶✶✮✱ ❥✉❞✐❝✐❛❧ ♦✉t❝♦♠❡s ✭▲✐♠ ❡t ❛❧✳ ✭✷✵✶✺✮✮✱ ♣♦❧✐❝② ✭❊✐s❡♥s❡❡ ❛♥❞ ❙tr♦♠❜❡r❣
✭✷✵✵✼✮✮ t♦ ✜♥❛♥❝✐❛❧ ❞❡❝✐s✐♦♥s ✭❋❛♥❣ ❛♥❞ P❡r❡ss ✭✷✵✵✾✮✮✳ ❉❡s♣✐t❡ t❤❡ ❧❛r❣❡ ❜♦❞② ♦❢ r❡s❡❛r❝❤✱ ❤♦✇
❡❞✐t♦rs ❞❡❝✐❞❡ ♦♥ t❤❡ ❝♦✈❡r❛❣❡ ❢♦r st♦r✐❡s r❡♠❛✐♥s ❡ss❡♥t✐❛❧❧② ❛ ❵❜❧❛❝❦ ❜♦①✬✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡
❛tt❡♠♣t t♦ ♦♣❡♥ ✉♣ t❤✐s ❵❜❧❛❝❦ ❜♦①✬ ✇✐t❤ ❛ ❢♦❝✉s ♦♥ t❤❡ r♦❧❡ ♦❢ ♣♦♣✉❧❛r✐t② ♦❢ ♦♥❧✐♥❡ ♥❡✇s st♦r✐❡s✳
❲❡ ❛s❦ ✇❤❡t❤❡r ♥❡✇s st♦r✐❡s ✇❤✐❝❤ ❣❡t ❛ ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ✐♥✐t✐❛❧❧②✱ ❞✉❡ t♦ r❡❛s♦♥s ✐♥❞❡♣❡♥✲
❞❡♥t ♦❢ st♦r② ❵q✉❛❧✐t②✬ ♦r ❵✐♠♣♦rt❛♥❝❡✬✱ ❣❡t ❝♦✈❡r❡❞ ♠♦r❡ ❜② ❢♦❧❧♦✇✲✉♣ ❛rt✐❝❧❡s✳ ▼♦r❡♦✈❡r✱ ✇❡ ❛s❦
✇❤❡t❤❡r t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ❛ ❵❤❛r❞✬ ♣♦❧✐t✐❝❛❧ ♦r ❜✉s✐♥❡ss ♥❡✇s st♦r② ❛r❡ tr❡❛t❡❞ s②♠♠❡tr✐❝❛❧❧②
t♦ t❤♦s❡ r❡❝❡✐✈❡❞ ❜② ❵s♦❢t✬ ❡♥t❡rt❛✐♥♠❡♥t st♦r✐❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐s t❤❡r❡ ❝r♦✇❞✐♥❣ ♦✉t ♦❢ ❵❤❛r❞✬
♥❡✇s ❞✉❡ t♦ t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ❵s♦❢t✬ ♥❡✇s❄
❊st✐♠❛t✐♥❣ t❤❡ ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢ ♣♦♣✉❧❛r✐t② ♦♥ ❡❞✐t♦r✐❛❧ ❝♦✈❡r❛❣❡ ❞❡❝✐s✐♦♥s ✐s ❞✐✣❝✉❧t ❢♦r ❛ ♥✉♠❜❡r
♦❢ r❡❛s♦♥s✳ ❋✐rst✱ s♦♠❡ st♦r✐❡s ❛r❡ s✐♠♣❧② s❡❡♥ ❛s ♠♦r❡ ✐♥t❡r❡st✐♥❣ t❤❛♥ ♦t❤❡rs✳ ❚❤❡s❡ st♦r✐❡s ✇✐❧❧
❛ttr❛❝t ❛ ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s✱ ❛♥❞ ✇✐❧❧ ❧✐❦❡❧② ❜❡ ❢♦❧❧♦✇❡❞ ❜② ❛❞❞✐t✐♦♥❛❧ ❛rt✐❝❧❡s ❝♦✈❡r✐♥❣ t❤❡
∗❆ss✐st❛♥t Pr♦❢❡ss♦r ♦❢ ▼❛r❦❡t✐♥❣✱ ▼❛r❦❡t✐♥❣ ❉❡♣❛rt♠❡♥t✱ ❚❤❡ ❲❤❛rt♦♥ ❙❝❤♦♦❧✱ ❯♥✐✈❡rs✐t② ♦❢ P❡♥♥s②❧✈❛♥✐❛✱
❡✲♠❛✐❧✿ ♣②✐❧❞❅✇❤❛rt♦♥✳✉♣❡♥♥✳❡❞✉✳
✶❚❤❡ ❆ss✐st❛♥t ▼❛♥❛❣✐♥❣ ❊❞✐t♦r ♦❢ t❤❡ ◆❨❚ ✉♥t✐❧ ✷✵✶✹✳ ❙❡❡ ♠♦r❡ ❛t ❤tt♣✿✴✴✇✇✇✳❜✉s✐♥❡ss✐♥s✐❞❡r✳❝♦♠✴♥②t❝♦♠✲
❢r♦♥t✲♣❛❣❡✲❡❞✐t♦rs✲❞♦♥t✲❦♥♦✇✲✇❤❛t✲st♦r✐❡s✲r❡❛❞❡rs✲❛r❡✲❝❧✐❝❦✐♥❣✲♦♥✲✷✵✵✾✲✼❄■❘❂❚
✶
s❛♠❡ ✐♥t❡r❡st✐♥❣ ❡✈❡♥t✳ ❚❤✐s ♠❛❦❡s ✐t ❞✐✣❝✉❧t t♦ ❞✐s❡♥t❛♥❣❧❡ t❤❡ ❝❛✉s❡ ❛♥❞ ❡✛❡❝t✿ ❛r❡ ❡❞✐t♦rs
❝❤♦♦s✐♥❣ ❛rt✐❝❧❡s t❤❡② ❦♥♦✇ r❡❛❞❡rs ✇✐❧❧ ❧✐❦❡✱ ♦r ❛r❡ ❜♦t❤ r❡❛❞❡rs ❛♥❞ ❡❞✐t♦rs r❡s♣♦♥❞✐♥❣ t♦ t❤❡
✐♥tr✐♥s✐❝ ❵q✉❛❧✐t②✬ ♦❢ t❤❡ st♦r②❄ ❲❡ ❛❞❞r❡ss t❤✐s ✐ss✉❡ ❜② ✐♥str✉♠❡♥t✐♥❣ ❢♦r ❝❧✐❝❦s ✉s✐♥❣ s❤♦❝❦s t♦
♣❛❣❡ ✈✐❡✇s ✇❤✐❝❤ ❛r❡ ✉♥r❡❧❛t❡❞ t♦ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ st♦r✐❡s ♣✉❜❧✐s❤❡❞ ♦♥ ❛ ❣✐✈❡♥ ❞❛②✳ ❚❤❡s❡
s❤♦❝❦s ❝♦♠❡ ❢r♦♠ t✇♦ ❞✐✛❡r❡♥t s♦✉r❝❡s✿ ❞❛②s ✇✐t❤ r❛✐♥ ❛♥❞ ♦r❞✐♥❛r② ♣♦✇❡r ♦✉t❛❣❡s✳ ❖♥ r❛✐♥②
❞❛②s✱ r❡❛❞❡rs ❛r❡ ❝♦♥str❛✐♥❡❞ ✐♥ t❤❡✐r ♦✉t❞♦♦r ❛❝t✐✈✐t✐❡s ❛♥❞ ♠❛② ❜❡ ♠♦r❡ ❧✐❦❡❧② t♦ r❡❛❞ t❤❡ ♥❡✇s✳
P♦✇❡r s❤♦rt❛❣❡s✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❧✐♠✐t ✐♥❞✐✈✐❞✉❛❧s✬ ❛❜✐❧✐t② t♦ ✉s❡ ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s ♦r ❝♦♥♥❡❝t
t♦ t❤❡ ✐♥t❡r♥❡t✳ ❙❡❝♦♥❞✱ t❡st✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❝❧✐❝❦s ❛♥❞ ❡❞✐t♦r✐❛❧ ❝♦✈❡r❛❣❡ r❡q✉✐r❡s
❞✐s❛❣❣r❡❣❛t❡❞ ❞❛t❛ ❛t t❤❡ ❛rt✐❝❧❡ ❧❡✈❡❧✳ ❚♦ t❤✐s ❡♥❞✱ ✇❡ ❛❝q✉✐r❡ ♣r♦♣r✐❡t❛r② ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❝❧✐❝❦s
❛t t❤❡ ❧❡✈❡❧ ♦❢ ❛ ❯❘▲ ❢r♦♠ ❛ ❧❡❛❞✐♥❣ ❊♥❣❧✐s❤ ❧❛♥❣✉❛❣❡ ■♥❞✐❛♥ ♥❛t✐♦♥❛❧ ❞❛✐❧② ♥❡✇s♣❛♣❡r✳
◆❡①t✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢ ❝❧✐❝❦s✲❜❛s❡❞ ❝♦✈❡r❛❣❡ ♦♥ t❤❡ t②♣❡ ♦❢ ❝♦♥t❡♥t ♣r♦✈✐❞❡❞ t♦ r❡❛❞❡rs✳
❲❡ ❝❧❛ss✐❢② t❤❡ st♦r✐❡s ❛s ❵❤❛r❞✬ ❛♥❞ ❵s♦❢t✬ t♦ ❛♥❛❧②③❡ ✇❤❡t❤❡r t❤❡ ❡❞✐t♦r r❡s♣♦♥❞s ✐♥ t❤❡ s❛♠❡
❢❛s❤✐♦♥ t♦ t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② t❤❡ t✇♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ♥❡✇s st♦r✐❡s✳✷ ❲❡ ❢♦❝✉s ♦♥ t❤❡ ❜r❡❛❦♦✉t
♦❢ t❤❡ ❜✐❣❣❡st ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧s ❛♥❞ ❝❡❧❡❜r✐t② s❝❛♥❞❛❧s ❞✉r✐♥❣ t❤❡ ②❡❛r✱ ❛s ❜✐❣ ❤❛r❞ ❛♥❞ s♦❢t
♥❡✇s ❡✈❡♥ts✱ r❡s♣❡❝t✐✈❡❧②✳ ❲❡ ❛♥❛❧②③❡ ✐❢ ♦♥ ❝❡❧❡❜r✐t② s❝❛♥❞❛❧ ❞❛②s ❤❛r❞ ♥❡✇s ✐s ❝r♦✇❞❡❞ ♦✉t ♦r
✇❤❡t❤❡r ♦♥ ❞❛②s ♦❢ t❤❡ ❜r❡❛❦♦✉t ♦❢ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧s s♦❢t ♥❡✇s ❛rt✐❝❧❡s ❛r❡ ❝r♦✇❞❡❞ ♦✉t ❛s ❛
r❡s✉❧t ♦❢ t❤❡ ❝❧✐❝❦s✳
❲❤❡t❤❡r ♦r ♥♦t ♥❡✇s ❡❞✐t♦rs s②st❡♠❛t✐❝❛❧❧② ❢♦❧❧♦✇ ✉♣ ♦♥ ❝❧✐❝❦s ❛♥❞ ❤♦✇ t❤❡② ❛❧❧♦❝❛t❡ r❡s♦✉r❝❡s
❛❝r♦ss ❞✐✛❡r❡♥t t②♣❡s ♦❢ st♦r✐❡s ❤❛s ✇✐❞❡ r❛♥❣✐♥❣ ✐♠♣❧✐❝❛t✐♦♥s✳ ❚❤❡r❡ ✐s ❛ ❣r♦✇✐♥❣ ❝♦♥❝❡r♥ ❛❜♦✉t
t❤❡ ❵❞✉♠❜✐♥❣ ❞♦✇♥✬ ♦❢ ♥❡✇s ❝♦♥t❡♥t ♦♥❧✐♥❡ ❞✉❡ t♦ ❡❞✐t♦rs ❢♦❝✉s✐♥❣ ♦♥ ❝❧✐❝❦s r❛t❤❡r t❤❛♥ st♦r②
❵q✉❛❧✐t②✬ ♦r ❵✐♠♣♦rt❛♥❝❡✬✳✸ ❇❡st ✭✷✵✵✾✮ s❤♦✇s t❤❡♦r❡t✐❝❛❧❧②✱ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❵❤❛r❞✬ ♥❡✇s✱ t❤❛t
s❡❧❡❝t✐✈❡ ❝♦✈❡r❛❣❡ ♦❢ st♦r✐❡s ❞✉❡ t♦ t❤❡✐r ❵s❡♥s❛t✐♦♥❛❧ ❛♣♣❡❛❧✬ ❝❛♥ ❞✐st♦rt t❤❡ ❜❡❧✐❡❢s ♦❢ r❡❛❞❡rs ❛♥❞
♠❛❦❡ t❤❡♠ ❞❡♠❛♥❞ ❛ s✉❜✲♦♣t✐♠❛❧ ♣♦❧✐❝②✳ ✹ ▼♦r❡♦✈❡r✱ Pr❛t ❛♥❞ ❙tr♦♠❜❡r❣ ✭✷✵✶✸✮ ❤✐❣❤❧✐❣❤t✱ ✐♥
❛ ❝♦♠♣r❡❤❡♥s✐✈❡ s✉r✈❡② ♦❢ t❤❡ ♠❡❞✐❛ ❡❝♦♥♦♠✐❝s ❧✐t❡r❛t✉r❡✱ t❤❛t ✐❞❡♥t✐❢②✐♥❣ ✇❤❡t❤❡r ♥❡✇s st♦r✐❡s
❛r❡ ❝❤♦s❡♥ ❜❡❝❛✉s❡ ♦❢ ❞❡♠❛♥❞ s✐❞❡ ✭♣♦♣✉❧❛r✐t②✮ r❡❛s♦♥s ✐s ♣♦t❡♥t✐❛❧❧② ✐♠♣♦rt❛♥t ❢♦r t❤❡ ❞❡s✐❣♥
✷❲❡ ❣r♦✉♣ st♦r✐❡s ✐♥ t❤❡ ◆❛t✐♦♥❛❧✱ ■♥t❡r♥❛t✐♦♥❛❧✱ ❇✉s✐♥❡ss ❛♥❞ ❖♣✐♥✐♦♥ s❡❝t✐♦♥s ❛s ❵❤❛r❞✬ ♥❡✇s ✇❤✐❧❡ st♦r✐❡s ✐♥
t❤❡ ❊♥t❡rt❛✐♥♠❡♥t✱ ❚❡❝❤♥♦❧♦❣②✱ ▲✐❢❡st②❧❡ ❛♥❞ ❙♣♦rts s❡❝t✐♦♥s ❛r❡ ❣r♦✉♣❡❞ ❛s ❵s♦❢t✬ ♥❡✇s ❛s ✐♥ ❈❛❣❡ ✭✷✵✶✺✮✳ ❍❛r❞
♥❡✇s ✐s ❝♦♥s✐❞❡r❡❞ ✐♠♣♦rt❛♥t ❢♦r ♣r♦✈✐❞✐♥❣ ✐♥❢♦r♠❛t✐♦♥ r❡❧❛t❡❞ t♦ ♣✉❜❧✐❝ ❞❡❝✐s✐♦♥ ♠❛❦✐♥❣ ✇❤✐❧❡ s♦❢t ♥❡✇s ✐s s❛✐❞
t♦ ❜❡ ❢♦r ♣✉r❡ ❝♦♥s✉♠♣t✐♦♥ ♦r ❡♥t❡rt❛✐♥♠❡♥t ✈❛❧✉❡ ✭❇♦❝③❦♦✇s❦✐ ✭✷✵✶✵✮✮✳
✸❙❡❡ ❢♦r ❡①❛♠♣❧❡ ❤tt♣✿✴✴✇✇✇✳❜❜❝✳❝♦♠✴♥❡✇s✴✉❦✲✇❛❧❡s✲✸✹✷✵✾✽✾✹ ❛♥❞ ❤tt♣✿✴✴✇✇✇✳✉s♥❡✇s✳❝♦♠✴♥❡✇s✴
♥❛t✐♦♥❛❧✴❛rt✐❝❧❡s✴✷✵✵✽✴✵✽✴✷✽✴❛✲❞✐❣✐t❛❧✲❞✉♠❜✐♥❣✲❞♦✇♥✳
✹❚❤✐s ❝♦♥❝❡r♥ ✐s ❡❝❤♦❡❞ ❜② ❛ r❡❝❡♥t s✉r✈❡② ❜② t❤❡ ❘♦②❛❧ ❙t❛t✐st✐❝❛❧ ❙♦❝✐❡t② ✇❤✐❝❤ s❤♦✇s t❤❛t t❤❡
❇r✐t✐s❤ ♣✉❜❧✐❝ ❤♦❧❞s ✐♥❝♦rr❡❝t ♣❡r❝❡♣t✐♦♥s ❛❜♦✉t st❛t✐st✐❝s r❡❧❛t❡❞ t♦ ✐ss✉❡s ✐♥❝❧✉❞✐♥❣ ❝r✐♠❡✱ ✐♠♠✐❣r❛t✐♦♥ ❛♥❞





❚❤❡s❡ ✐♠♣❧✐❝❛t✐♦♥s ❛ss✉♠❡ ❣r❡❛t❡r ✐♠♣♦rt❛♥❝❡ ❣✐✈❡♥ t❤❡ ♣✉❜❧✐❝ ❣♦♦❞ ❛s♣❡❝t ♦❢ ♥❡✇s ✇❤✐❝❤ ❞✐❢✲
❢❡r❡♥t✐❛t❡s ✐t ❢r♦♠ ❛ st❛♥❞❛r❞ ♣r♦❞✉❝t✳ ❲❡ ❝❛♣t✉r❡ t❤✐s ♣✉❜❧✐❝ ❣♦♦❞ ❞✐♠❡♥s✐♦♥ ♦❢ ♥❡✇s ✐♥ ❛
s✐♠♣❧❡ ♠♦❞❡❧ ♦❢ ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s✳ ❲❡ s❤♦✇ t❤❛t ❛ ❝❧✐❝❦s ❜❛s❡❞ ❡❞✐t♦r✐❛❧ str❛t❡❣② ❞♦❡s ♥♦t ♠❛①✲
✐♠✐③❡ ✐♥tr✐♥s✐❝ st♦r② ❵q✉❛❧✐t②✬ ✇❤✐❝❤ ✐♥ t✉r♥ ❢❡❡❞s ✐♥t♦ r❡❛❞❡r ❞❡❝✐s✐♦♥s ❛♥❞ ❧❡❛❞s t❤❡♠ t♦ ♠❛❦❡
s✉❜✲♦♣t✐♠❛❧ ❞❡❝✐s✐♦♥s✳✻ ■t ✐s ♣❡r❤❛♣s ❢♦r t❤✐s r❡❛s♦♥ t❤❛t ✈❛r✐♦✉s ♥❡✇s ♦✉t❧❡ts ❤❛✈❡ ❞✐st❛♥❝❡❞
t❤❡♠s❡❧✈❡s ❢r♦♠ ❛ ❝❧✐❝❦s ❜❛s❡❞ str❛t❡❣② ❞❡t❡r♠✐♥✐♥❣ ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❛r❡ s♦♠❡
❡①❛♠♣❧❡s✿
✏❱♦①✳❝♦♠ ❞♦♥✬t ❣✐✈❡ t❤❡✐r ❥♦✉r♥❛❧✐sts ❛❝❝❡ss t♦ ❛♥❛❧②t✐❝s✲ ✐t ✐s ♠♦r❡ ✐♠♣♦rt❛♥t t♦ ♣❛② ❛tt❡♥t✐♦♥
t♦ ❝♦♥t❡♥t r✐❣❤t ♥♦✇✑✳✼
✏❚❤❡ ✇❤♦❧❡ ♠✐ss✐♦♥ ♦❢ ❇✉③③❋❡❡❞ ✐s t♦ ❣❡t ♣❡♦♣❧❡ t♦ s❤❛r❡✳ ❚❤❛t ✐s ♥♦t t❤❡ ♠✐ss✐♦♥ ♦❢ ❚❤❡ ◆❡✇
❨♦r❦ ❚✐♠❡s✳ ❚❤❡ ♠✐ss✐♦♥ ♦❢ ❚❤❡ ◆❡✇ ❨♦r❦ ❚✐♠❡s ✐s ❛❜♦✉t t❤❡ ❜❡st ❥♦✉r♥❛❧✐s♠ ✐♥ t❤❡ ✇♦r❧❞ ❛♥❞
❣✐✈✐♥❣ ♣❡♦♣❧❡ ❛❝❝✉r❛t❡✱ t✐♠❡❧② ✐♥❢♦r♠❛t✐♦♥✳✑✽
✏❊✈❡♥ ♥♦✇✱ ✇❤❡♥ ❝✉t❜❛❝❦s ❛r❡ ❛✛❡❝t✐♥❣ ❯❙❆ ❚❖❉❆❨✲ ❛s t❤❡② ❛r❡ ❛❧❧ ♥❡✇s♣❛♣❡rs✲ ■✬✈❡ s❡❡♥ ♥♦
❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ♣❛♣❡r ♦r ✐ts ❲❡❜ s✐t❡ ❤❛✈❡ s✉❝❝✉♠❜❡❞ t♦ t❤❡ t❡♠♣t❛t✐♦♥ t♦ s♥❛r❡ r❡❛❞❡rs ✇✐t❤
s❝❛r❡ ❤❡❛❞❧✐♥❡s✑✳✾
❚❤❡ ❥♦✉r♥❛❧✐s♠ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❧✐t❡r❛t✉r❡ ✈❛❧✐❞❛t❡ t❤✐s ❣❡♥❡r❛❧ ❝❧❛✐♠ ♠❛❞❡ ❜② ♥❡✇s♣❛♣❡r
❡❞✐t♦rs✳ ❙✐♥❣❡r ❡t ❛❧✳ ✭✷✵✶✶✮ ❝♦♥❞✉❝t❡❞ ❛ s✉r✈❡② ♦❢ t❤❡ ❧♦❝❛❧ ♣r❡ss ✐♥ ❇r✐t❛✐♥ ❛♥❞ ❝♦♥❝❧✉❞❡❞
t❤❛t ✏❞❡s♣✐t❡ ❡①❝r✉❝✐❛t✐♥❣❧② ❞❡t❛✐❧❡❞ ❵❤✐t ❧♦❣✬ ❞❛t❛✱ ♦♥❧✐♥❡ ❛✉❞✐❡♥❝❡ ♣r❡❢❡r❡♥❝❡s ❞♦ ♥♦t s❡❡♠
t♦ ❜❡ ❤❛✈✐♥❣ ❛ ♥♦t❛❜❧❡ ❛❣❡♥❞❛✲s❡tt✐♥❣ ✐♠♣❛❝t ♦♥ ❧♦❝❛❧ ❡❞✐t♦rs✳✑✶✵ ❆❝❝♦r❞✐♥❣ t♦ ❙✐♥❣❡r ❡t ❛❧✳
✭✷✵✶✶✮ ✏✳✳✳❬t❤❡r❡ ✐s❪ t❤❡ ❣❡♥❡r❛❧ ✜♥❞✐♥❣ ✐♥ ❥♦✉r♥❛❧✐s♠ st✉❞✐❡s t❤❛t✱ ❛♠✐❞ ♦♣♣♦rt✉♥✐t✐❡s ❢♦r ❛✉❞✐❡♥❝❡
✺❚❤❡ ❋❡❞❡r❛❧ ❈♦♠♠✉♥✐❝❛t✐♦♥s ❈♦♠♠✐ss✐♦♥ ✭❋❈❈✮✱ ❢♦r ❡①❛♠♣❧❡✱ ❤❛✈❡ ✐❣♥♦r❡❞ ❞❡♠❛♥❞ s✐❞❡ ✐♥❝❡♥t✐✈❡s ✇❤✐❧❡
♣r♦♣♦s✐♥❣ r❡❣✉❧❛t✐♦♥s ❢♦r ♠❡❞✐❛ ♦✇♥❡rs❤✐♣ ❛ss✉♠✐♥❣ ❛ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♦✇♥❡rs❤✐♣ ♦❢ t❤❡ ♠❡❞✐❛ ♦✉t❧❡t
❛♥❞ t❤❡ ✈✐❡✇♣♦✐♥t ❡①♣r❡ss❡❞ ❜② ✐t✳ ❚❤✐s ✐❞❡❛ ♦❢ ❝♦♥t❡♥t r❡str✐❝t✐♦♥s ✇❛s ❛❧❧✉❞❡❞ t♦ ✐♥ ❛♥ ❛rt✐❝❧❡ r❡❧❛t❡❞ t♦ t❤❡
❝♦✈❡r❛❣❡ ♦❢ t❡rr♦r✐s♠ ✐♥ ❚❤❡ ●✉❛r❞✐❛♥✳ ❙❡❡ ❤tt♣✿✴✴✇✇✇✳t❤❡❣✉❛r❞✐❛♥✳❝♦♠✴♠❡❞✐❛✴✷✵✶✺✴❛✉❣✴✵✶✴♠❡❞✐❛✲❝♦✈❡r❛❣❡✲
t❡rr♦r✐s♠✲❢✉rt❤❡r✲✈✐♦❧❡♥❝❡ ❢♦r ♠♦r❡✳ ❖❢ ❝♦✉rs❡✱ ❛♥② ♠❡❞✐❛ r❡❣✉❧❛t✐♦♥ ♦r ♣♦❧✐❝② ❝♦♠❡s ✇✐t❤ ❛ ❜✐❣ ❝❛✈❡❛t ♦❢ ♥♦t
✐♥❢r✐♥❣✐♥❣ ♦♥ t❤❡ ❢r❡❡❞♦♠ ♦❢ t❤❡ ♣r❡ss✳
✻▼♦r❡♦✈❡r✱ ✇❡ s❤♦✇ t❤❛t ✐❢ ❡❞✐t♦r✐❛❧ str❛t❡❣② ✐s ❜❛s❡❞ ♦♥ s♣❡❝✐✜❝ ♣♦❧✐t✐❝❛❧ ♣r❡❢❡r❡♥❝❡s t❤❡♥ ✐t ❧❡❛❞s t♦ ✐❞❡♥t✐❝❛❧
✐♥❡✣❝✐❡♥t ♦✉t❝♦♠❡s ❛s ✐♥ ❛ s✐t✉❛t✐♦♥ ✇❤❡r❡ ❡❞✐t♦rs ❤❛✈❡ ❛ ❝❧✐❝❦s ❜❛s❡❞ str❛t❡❣②✳
✼❚❤✐s q✉♦t❡ ✇❛s ❜② ▼❡❧✐ss❛ ❇❡❧❧ ✇❤♦ ✇❛s ♦♥❡ ♦❢ t❤❡ ❝♦✲❢♦✉♥❞❡rs ♦❢ ❱♦①✳❝♦♠✳ ❙❡❡ ♠♦r❡ ❛t
❤tt♣✿✴✴✐❥♥❡t✳♦r❣✴❜❧♦❣✴✈♦①s✲♠❡❧✐ss❛✲❜❡❧❧✲❥♦✉r♥❛❧✐sts✲s❤♦✉❧❞✲st❡♣✲❛✇❛②✲❝❧✐❝❦✲❜❛✐t✲♠❡♥t❛❧✐t②✳ ❚❤✐s ♣♦❧✐❝② ✐s ❢♦❧❧♦✇❡❞
❜② ❚❤❡ ❱❡r❣❡ ❛s ✇❡❧❧✳
✽❚❤✐s ✐s ❛ttr✐❜✉t❡❞ t♦ ❆❧❡① ▼❛❝❈❛❧❧✉♠ ✇❤♦ ✐s ❝✉rr❡♥t❧② t❤❡ ❛ss✐st❛♥t ♠❛♥❛❣✐♥❣ ❡❞✐t♦r ❢♦r ❛✉❞✐❡♥❝❡ ♦✉tr❡❛❝❤✳
❙❡❡ ❤tt♣s✿✴✴❣✐❣❛♦♠✳❝♦♠✴✷✵✶✺✴✵✶✴✶✹✴♥❡✇s✲✢❛s❤✲❢♦r✲t❤❡✲♥②t✲②♦✉✲❛♥❞✲❜✉③③❢❡❡❞✲❛r❡♥t✲t❤❛t✲❞✐✛❡r❡♥t✴ ❢♦r ♠♦r❡✳
✾❘❡❛❞ ♠♦r❡ ♦♥ ❤tt♣✿✴✴✇✇✇✳✇❛s❤✐♥❣t♦♥♣♦st✳❝♦♠✴❜❧♦❣s✴❝❛♣✐t❛❧✲ ✇❡❛t❤❡r✲❣❛♥❣✴✇♣✴✷✵✶✹✴✶✷✴✶✽✴♣❡rs♣❡❝t✐✈❡✲
❤♦✇✲t❤❡✲✐♥t❡r♥❡t✲❝❤❛♥❣❡❞✲t❤❡✲✇❡❛t❤❡r✲ ❥♦✉r♥❛❧✐s♠✲✐♥❞✉str②✴
✶✵❇♦❝③❦♦✇s❦✐ ✭✷✵✶✵✮ ❝♦♠❡s t♦ s✐♠✐❧❛r ❝♦♥❝❧✉s✐♦♥s ❛❢t❡r s✉r✈❡②✐♥❣ ✈❛r✐♦✉s ♥❡✇sr♦♦♠s ✐♥ ❙♦✉t❤ ❆♠❡r✐❝❛ ✜♥❞✐♥❣
t❤❛t ✏❥♦✉r♥❛❧✐sts ❣❡♥❡r❛❧❧② ❤❡❧❞ t❤❡✐r ❣r♦✉♥❞ ❛❣❛✐♥st t❤❡ ❡♥❝r♦❛❝❤♠❡♥t ♦❢ ❛✉❞✐❡♥❝❡ ❞❡s✐r❡s✳✑
✸
♣❛rt✐❝✐♣❛t✐♦♥ ❛♥❞ ✐♥❝❧✉s✐♦♥ ✐♥ t❤❡ ♥❡✇s ♣r♦❝❡ss✱ ❥♦✉r♥❛❧✐sts ❦❡❡♣ ❛t t❤❡ ♠❛r❣✐♥s t❤♦s❡ ♦✉ts✐❞❡
✐♥✢✉❡♥❝❡s t❤❛t ♠✐❣❤t r❡s❤❛♣❡ t❤❡✐r ✈❛❧✉❡s ♦r ♣r❛❝t✐❝❡s✳✑
❲❡ ♣r♦✈✐❞❡ t❤r❡❡ ❦❡② ✐♥s✐❣❤ts ♦♥ t❤❡ ✐♠♣❛❝t ♦❢ ❞✐❣✐t❛❧ ❞❛t❛ ♦♥ ❡❞✐t♦r✐❛❧ ♣♦❧✐❝②✳ ❋✐rst✱ ✇❡ s❤♦✇
t❤❛t ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✈✐❡✇s ♦❢ t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ ❛ st♦r②✱ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ✐ts ✐♥tr✐♥s✐❝ q✉❛❧✐t②✱
s✐❣♥✐✜❝❛♥t❧② ✐♥❝r❡❛s❡s t❤❡ ❛♠♦✉♥t ♦❢ ❢♦❧❧♦✇✲✉♣ ❝♦✈❡r❛❣❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ ♥❡✇s♣❛♣❡r ♦♥ t❤❡ s❛♠❡
st♦r②✳ ❙♣❡❝✐✜❝❛❧❧②✱ ❛ ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s ❡①t❡♥❞s t❤❡ ❞✉r❛t✐♦♥ ♦❢ ❛ st♦r②
❜② ✸ ❞❛②s ❛♥❞ ❧❡❛❞s t♦ ✸ ❛❞❞✐t✐♦♥❛❧ ❛rt✐❝❧❡s ❜❡✐♥❣ ✇r✐tt❡♥ ❛s ♣❛rt ♦❢ t❤❡ st♦r②✳ ❲❡ r❡❧❛t❡ t❤❡
♠❛❣♥✐t✉❞❡ ♦❢ t❤❡s❡ ❡st✐♠❛t❡s t♦ t❤❡ ❧✐t❡r❛t✉r❡ ❧♦♦❦✐♥❣ ❛t t❤❡ ✐♠♣❛❝t ♦❢ ♥❡✇s ❝♦✈❡r❛❣❡ ♦♥ ✈❛r✐♦✉s
♦✉t❝♦♠❡s ❛s ✇❡❧❧ ❛s t❤❡ ♦♥❡ ✇❤✐❝❤ q✉❛♥t✐✜❡s t❤❡ ✐♠♣❛❝t ♦❢ ♣♦❧✐t✐❝❛❧ ♣r❡❢❡r❡♥❝❡s ♦♥ ❡❞✐t♦r✐❛❧
❝♦✈❡r❛❣❡ ❞❡❝✐s✐♦♥s✳
❙❡❝♦♥❞✱ ❡st✐♠❛t✐♥❣ t❤❡ ♠♦❞❡❧ ❜② s♣❧✐tt✐♥❣ t❤❡ s❛♠♣❧❡ ✐♥t♦ ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s st♦r✐❡s✱ ✇❡ s❤♦✇
t❤❛t ❝❧✐❝❦s ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ ❝♦✈❡r❛❣❡ ♦♥❧② ❢♦r ❤❛r❞ ♥❡✇s✳ ❈♦♥tr❛r② t♦
❝♦♥✈❡♥t✐♦♥❛❧ ✇✐s❞♦♠✱ t❤❡ ♥❡✇s♣❛♣❡r ❣✐✈❡s ❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡ ❜❛s❡❞ ♦♥❧② ♦♥ t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞
❜② ❤❛r❞ ♥❡✇s ❛♥❞ ♥♦t t♦ t❤♦s❡ r❡❝❡✐✈❡❞ ❜② s♦❢t ♥❡✇s✳ ❈♦♠♣❧❡♠❡♥t✐♥❣ t❤✐s r❡s✉❧t✱ ✇❡ ✜♥❞ t❤❛t
t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❧✐❝❦s t♦ ❤❛r❞ ♥❡✇s ♦♥ ❞❛②s ✇❤❡♥ t❤❡r❡ ✐s ❛ ❝❡❧❡❜r✐t② s❝❛♥❞❛❧ ✐s ❧♦✇❡r ❜②
❛❜♦✉t ✼✳✺✪✳ ❚❤✐s r❡❞✉❝t✐♦♥ ✐♥ ❝❧✐❝❦s ❢♦r ❤❛r❞ ♥❡✇s✱ ❤♦✇❡✈❡r✱ ❞♦❡s ♥♦t r❡s✉❧t ✐♥ ❛ ❞❡❝❧✐♥❡ ✐♥ t❤❡
♣r♦♣♦rt✐♦♥ ♦❢ ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞ ♦♥ t❤♦s❡ ♣❛rt✐❝✉❧❛r ❞❛②s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❞❛②s
♦♥ ✇❤✐❝❤ ♥❡✇s ❜r❡❛❦s ♦✉t ❛❜♦✉t ❛ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧✱ ❝❧✐❝❦s ♦♥ ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s ✐♥❝r❡❛s❡ ❜②
❛❜♦✉t ✹✳✺✪ ✇❤✐❝❤ ❛❧s♦ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s ❜② ♠♦r❡ t❤❛♥
✷✪ ♦♥ t❤♦s❡ ❞❛②s✳
❚❤✐r❞✱ ✇❡ q✉❛♥t✐❢② t❤❡ ❡①t❡♥t ♦❢ ❡❞✐t♦r✐❛❧ ♠✐s✐♥t❡r♣r❡t❛t✐♦♥ ❞✉❡ t♦ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝❧✐❝❦s ♦♥ r❛✐♥②
❞❛②s ❜② ❝♦♠♣❛r✐♥❣ ❝♦✈❡r❛❣❡ ❞❡❝✐s✐♦♥s ❣✐✈❡♥ t♦ st♦r✐❡s ♦♥ r❛✐♥② ❞❛②s r❡❧❛t✐✈❡ t♦ t❤♦s❡ ♣✉❜❧✐s❤❡❞
♦♥ ♥❛t✐♦♥❛❧ ❤♦❧✐❞❛②s ❛♥❞ ✇❡❡❦❡♥❞s✳✶✶ ❲❡ ✜♥❞ t❤❛t ♥❛t✐♦♥❛❧ ❤♦❧✐❞❛②s ❛♥❞ ✇❡❡❦❡♥❞s ❧❡❛❞ t♦ ❛
st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s ♦❢ ❛ ♠❛❣♥✐t✉❞❡ s✐♠✐❧❛r t♦ r❛✐♥② ❞❛②s ❜✉t ❞♦ ♥♦t ❧❡❛❞ t♦
❛♥ ✐♥❝r❡❛s❡ ✐♥ ❝♦✈❡r❛❣❡✱ s✉❣❣❡st✐♥❣ t❤❛t ❡❞✐t♦rs ❛r❡ ❛✇❛r❡ ♦❢ t❤❡s❡ ❡①♦❣❡♥♦✉s ✐♥❝r❡❛s❡s ✐♥ r❡❛❞❡r
❛tt❡♥t✐♦♥✳ ❆s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝❤❡❝❦✱ ✇❡ ✜♥❞ t❤❛t t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② t❤❡ s❡❝♦♥❞ ❛rt✐❝❧❡ ♦❢ ❛ st♦r②
✇❤♦s❡ ✜rst ❛rt✐❝❧❡ ✇❛s ♣✉❜❧✐s❤❡❞ ♦♥ ❛ r❛✐♥② ❞❛② ❛r❡ ❧♦✇❡r ❜② ✹✲✻✪ r❡❧❛t✐✈❡ t♦ t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞
❜② t❤❡ s❡❝♦♥❞ ❛rt✐❝❧❡ ♦❢ ❛ st♦r② ✇❤♦s❡ ✜rst ❛rt✐❝❧❡ ✇❛s ♥♦t ♣✉❜❧✐s❤❡❞ ♦♥ ❛ r❛✐♥② ❞❛②✳✶✷
❚♦ ♦✉r ❦♥♦✇❧❡❞❣❡✱ t❤✐s ✐s t❤❡ ✜rst st✉❞② t♦ q✉❛♥t✐❢② t❤❡ ✐♠♣❛❝t ♦❢ ♣♦♣✉❧❛r✐t② ♦♥ ♦♥❧✐♥❡ ❡❞✐t♦r✐❛❧
❝♦✈❡r❛❣❡ ❞❡❝✐s✐♦♥s✱ ❛♥❞ ❢✉rt❤❡r♠♦r❡ t❤❡ ✜rst t♦ ❝♦♥❞✉❝t t❤✐s ❛♥❛❧②s✐s ❛t st♦r② ❧❡✈❡❧✳ ❖✉r ♣❛♣❡r ✐s
✶✶❲❡ ❞♦ t❤✐s✱ ❛❞❞✐t✐♦♥❛❧❧②✱ t♦ r✉❧❡ ♦✉t ❛ ❝❤❛♥♥❡❧ s✉❝❤ t❤❛t ✐t ❝♦✉❧❞ ❜❡ r❛t✐♦♥❛❧ ❢♦r t❤❡ ❡❞✐t♦r t♦ ♣r♦✈✐❞❡ ♠♦r❡
❝♦✈❡r❛❣❡ t♦ st♦r✐❡s ♣✉❜❧✐s❤❡❞ ♦♥ r❛✐♥② ❞❛②s✳
✶✷❚❤✐s r❡❧❛t✐♦♥s❤✐♣✱ t❤♦✉❣❤✱ ✐s ♥♦t r♦❜✉st ♣♦ss✐❜❧② ❞✉❡ t♦ t❤❡ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ s❛♠♣❧❡ s✐③❡✳
✹
r❡❧❛t❡❞ t♦ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ♠❡❞✐❛ ❜✐❛s ✭▼✉❧❧❛✐♥❛t❤❛♥ ❛♥❞ ❙❤❧❡✐❢❡r ✭✷✵✵✺✮✱ ●❡♥t③❦♦✇ ❛♥❞ ❙❤❛♣✐r♦
✭✷✵✶✵✮✮ ❛♥❞ ❛❣❡♥❞❛ s❡tt✐♥❣ ✭▲❛r❝✐♥❡s❡ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❑❛t♦♥❛ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ❋♦❝✉s✐♥❣ ♦♥ ❡❝♦♥♦♠✐❝
✐ss✉❡s✱ ▲❛r❝✐♥❡s❡ ❡t ❛❧✳ ✭✷✵✶✶✮ ✜♥❞ t❤❛t ♥❡✇s♣❛♣❡rs ✇✐t❤ ♣r♦✲❉❡♠♦❝r❛t✐❝ ❡♥❞♦rs❡♠❡♥t s②st❡♠✲
❛t✐❝❛❧❧② ♣✉❜❧✐s❤ ❢❡✇❡r ❛rt✐❝❧❡s ♦♥ ♥❡❣❛t✐✈❡ ❡❝♦♥♦♠✐❝ r❡♣♦rts ✇❤❡♥ t❤❡ ♣r❡s✐❞❡♥t ✐s ❉❡♠♦❝r❛t✐❝✳
●❡♥t③❦♦✇ ❛♥❞ ❙❤❛♣✐r♦ ✭✷✵✶✵✮ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ❢♦r s❧❛♥t✐♥❣ ♥❡✇s ❝♦♥t❡♥t t♦✇❛r❞s t❤❡ ♣♦❧✐t✐❝❛❧
✐❞❡♦❧♦❣② ♦❢ r❡❛❞❡rs ♦❢ ❛ ♥❡✇s♣❛♣❡r ✐♥ ♦r❞❡r t♦ ♠❛①✐♠✐③❡ ♣r♦✜ts✱ ❜✉t ❞♦ s♦ ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡
♥❡✇s♣❛♣❡r ❛❣❣r❡❣❛t❡❞ ❛♥♥✉❛❧❧② ✇❤✐❧❡ ✇❡ ❡①♣❧✐❝✐t❧② t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❢❡❡❞❜❛❝❦ ❡✛❡❝t ♦❢ ♣♦♣✉✲
❧❛r✐t②✳ ❉✐✛❡r❡♥t❧② ❢r♦♠ t❤❡s❡ ♣❛♣❡rs✱ ✇❡ ❢♦❝✉s ♦♥ t❤❡ ❞❡❝✐s✐♦♥s ♦❢ ❛♥ ❡❞✐t♦r ❛t ❛♥ ✐♥❞✐✈✐❞✉❛❧ st♦r②
❧❡✈❡❧ ✇✐t❤♦✉t ♠❛❦✐♥❣ ❛ss✉♠♣t✐♦♥s ❛❜♦✉t t❤❡ st♦r②✬s ♣♦❧✐t✐❝❛❧ ❜✐❛s ♦r t❤❡ ♥❡✇s♣❛♣❡r✬s ✐❞❡♦❧♦❣②✳
❖✉r ♣❛♣❡r ❛❧s♦ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❞❡❜❛t❡ ♦♥ ✇❤❡t❤❡r ❜❛s✐♥❣ ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s ♦♥ ♦♥❧✐♥❡ r❡❛❧
t✐♠❡ ♠❡tr✐❝s ✐s ❞❡tr✐♠❡♥t❛❧ t♦ t❤❡ q✉❛❧✐t② ♦❢ ♣✉❜❧✐s❤❡❞ ❝♦♥t❡♥t✳✶✸ ❲❡ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡
♥❡✇s♣❛♣❡r ❞♦❡s ♥♦t r❡s♣♦♥❞ t♦ t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② s♦❢t ♥❡✇s st♦r✐❡s✱ ❛❧❧❛②✐♥❣ ❝♦♥❝❡r♥s ❛❜♦✉t
❡①❝❡ss✐✈❡ ❡❞✐t♦r✐❛❧ ❢♦❝✉s ♦♥ ♣❛❣❡✈✐❡✇s✳ ❚❤✐s ✐s ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ❡✈✐❞❡♥❝❡ ♣r♦✈✐❞❡❞ ❜② ❙❛❧❛♠✐ ❛♥❞
❙❡❛♠❛♥s ✭✷✵✶✹✮ ✇❤♦ ✜♥❞ t❤❛t t❤❡ q✉❛❧✐t② ♦❢ ♥❡✇s ❝♦♥t❡♥t ❤❛s ✐♠♣r♦✈❡❞ ✇✐t❤ t❤❡ ✐♥tr♦❞✉❝t✐♦♥
♦❢ t❤❡ ✐♥t❡r♥❡t✳
❋✐♥❛❧❧②✱ t❤✐s st✉❞② ♣r♦✈✐❞❡s s✉❣❣❡st✐✈❡ ❡✈✐❞❡♥❝❡ ♦♥ ❤♦✇ ✇❡❧❧ ♥❡✇s♣❛♣❡rs ❛r❡ ❛❜❧❡ t♦ ❤❛♥❞❧❡
❛♥❞ ✐♥t❡r♣r❡t ❵❜✐❣ ❞❛t❛✬✳✶✹ ❲❡ ❤✐❣❤❧✐❣❤t t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❝r♦✇❞✐♥❣ ♦✉t ♦❢ ♥❡✇s✇♦rt❤② st♦r✐❡s
❜❡❝❛✉s❡ ♦❢ t❤❡ ♥❡✇s♣❛♣❡r ♥♦t r❡❝♦❣♥✐③✐♥❣ t❤❡ ❞✐✛❡r❡♥t s♦✉r❝❡s ♦❢ ✈❛r✐❛t✐♦♥ ✐♥ r❡❛❞❡rs s✉❝❤ ❛s
t❤♦s❡ ❝❛✉s❡❞ ❜② r❛✐♥❢❛❧❧ ❛♥❞ ♦✉t❛❣❡s✳ ❚❤✐s ❤❛s ♥❡❣❛t✐✈❡ ❝♦♥s❡q✉❡♥❝❡s ❢♦r ✐♥❢♦r♠❛t✐♦♥ ♣r♦✈✐s✐♦♥
t♦ r❡❛❞❡rs✱ ❛s ✇❡❧❧ ❛s ❢♦r ♥❡✇s♣❛♣❡r✬s ♣r♦✜ts✳ ❚❤❡ ♥❡✇s♣❛♣❡r ♠✐s✐♥t❡r♣r❡t✐♥❣ t❤❡ s♦✉r❝❡ ♦❢ ❝❧✐❝❦s
✐s ♠♦r❡ ❣❡♥❡r❛❧❧② r❡❧❛t❡❞ t♦ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ✜r♠s ✭♠✐st❛❦❡♥❧②✮ ♠❛❦✐♥❣ s✉❜♦♣t✐♠❛❧ ❞❡❝✐s✐♦♥s✱
❞♦❝✉♠❡♥t❡❞ ✐♥ t❤❡ ❝❛s❡s ♦❢ ❆♠❡r✐❝❛♥ ❢♦♦t❜❛❧❧ ✭❘♦♠❡r ✭✷✵✵✻✮✮ ❛♥❞ ❈r✐❝❦❡t ✭❇❤❛s❦❛r ✭✷✵✵✾✮✮✳
❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ♣r♦❝❡❡❞s ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ♣r❡s❡♥ts ❛ s✐♠♣❧❡ ♠♦❞❡❧ ♦❢ ♠❡❞✐❛ ❝♦✈❡r❛❣❡
❞❡❝✐s✐♦♥s✱ ❙❡❝t✐♦♥ ✸ ❞❡s❝r✐❜❡s t❤❡ ❞❛t❛ ❛♥❞ ♠❡t❤♦❞♦❧♦❣②✱ ✇❤✐❧❡ ✐♥ ❙❡❝t✐♦♥ ✹ ✇❡ ❞✐s❝✉ss ✐❞❡♥t✐✜✲
❝❛t✐♦♥ ❛♥❞ t❤❡ ❡♠♣✐r✐❝❛❧ str❛t❡❣②✳ ❙❡❝t✐♦♥ ✺ r❡♣♦rts ♦✉r ❜❛s❡❧✐♥❡ ❡st✐♠❛t✐♦♥ r❡s✉❧ts✳ ■♥ ❙❡❝t✐♦♥s
✻ ❛♥❞ ✼✱ ✇❡ ✐♥✈❡st✐❣❛t❡ ✇❤❛t t②♣❡s ♦❢ ♥❡✇s st♦r✐❡s ❛r❡ ❝r♦✇❞❡❞ ♦✉t✳ ■♥ ❙❡❝t✐♦♥ ✽ ✇❡ ❝❛rr② ♦✉t ❛
s❡r✐❡s ♦❢ ❝❤❡❝❦s t♦ ❛♥❛❧②③❡ t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts ❛♥❞ ❙❡❝t✐♦♥ ✾ ❝♦♥❝❧✉❞❡s✳
✶✸❋♦r ♠♦r❡ s❡❡ t❤❡ ❢♦✉r ♣❛rt ♣✐❡❝❡ ♦♥ t❤✐s t♦♣✐❝ ✐♥ t❤❡ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧✐s♠ ❘❡✈✐❡✇
❤tt♣✿✴✴❛❥r✳♦r❣✴✷✵✶✹✴✵✸✴✷✼✴♣❛②✲♣❡r✲✈✐s✐t✲❞❡❜❛t❡✲❝❤❛s✐♥❣✲✈✐r❛❧✲tr❛✣❝✲❤✉rt✐♥❣✲❥♦✉r♥❛❧✐s♠✴
✶✹❚❤✐s ✇❛s ♠❛♥✐❢❡st❡❞ ✐♥ t❤❡ ◆❡✇s♣❛♣❡r ❆ss♦❝✐❛t✐♦♥ ♦❢ ❆♠❡r✐❝❛ ❝♦♥❢❡r❡♥❝❡ ✐♥ ❋❡❜r✉❛r② ✷✵✶✹ ♦♥ ✏❚❤❡ ❊①♣❧♦❞✐♥❣
❲♦r❧❞ ♦❢ ❉❛t❛✿ ❍♦✇ ❝❛♥ ♥❡✇s♣❛♣❡r ♠❡❞✐❛ ✕ ❢r♦♠ ❥♦✉r♥❛❧✐sts t♦ ❛❞✈❡rt✐s❡rs t♦ ♣✉❜❧✐s❤❡rs ✕ ✉s❡ ❜✐❣ ❞❛t❛❄✑
✺
✷ ❚❤❡ ◆❡✇s ■♥❞✉str② ✐♥ ■♥❞✐❛✿ ❆ ❇r✐❡❢ ❖✈❡r✈✐❡✇
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❜r✐❡✢② ♣r♦✈✐❞❡ s♦♠❡ ❞❡t❛✐❧s ❛❜♦✉t t❤❡ ♥❡✇s♣❛♣❡r ✇❤♦s❡ ❞❛t❛ ✇❡ ❛♥❛❧②③❡ ❛♥❞
t❤❡ ♥❡✇s ✐♥❞✉str② ✐♥ ■♥❞✐❛ ♦✈❡r❛❧❧✳
❲❡ ❛♥❛❧②③❡ t❤❡ ❞❛t❛ ❢r♦♠ ❛ ❧❡❛❞✐♥❣ ■♥❞✐❛♥ ♥❛t✐♦♥❛❧ ❞❛✐❧② ✇❤✐❝❤ ✐s ♥♦t ♦♥❧② ❛♠♦♥❣st t❤❡ t♦♣
❡♥❣❧✐s❤ ❧❛♥❣✉❛❣❡ ❞❛✐❧✐❡s ✐♥ t❤❡ ❝♦✉♥tr② ✐♥ t❡r♠s ♦❢ ❞❛✐❧② ❝✐r❝✉❧❛t✐♦♥ ✭♦r ❛♥ ♦♥❧✐♥❡ ❛✉❞✐❡♥❝❡✮ ❜✉t
❛❧s♦ ❛♠♦♥❣st t❤❡ ♠♦st r❡s♣❡❝t❡❞ ♦✉t❧❡ts ✇❤❡♥ ✐t ❝♦♠❡s t♦ ❝♦♥t❡♥t✳ ❚❤❡ ♥❡✇s ❝♦♠♣❛♥② ❞♦❡s ♥♦t
♦♥❧② ♣✉❜❧✐s❤ ✐♥ ❊♥❣❧✐s❤ ❜✉t ❛❧s♦ ✐♥ ♦t❤❡r r❡❣✐♦♥❛❧ ■♥❞✐❛♥ ❧❛♥❣✉❛❣❡s✳ ■t ❤❛s ❛ ❧♦♥❣ ❛♥❞ ❝r❡❞✐❜❧❡
❤✐st♦r② ❛s ✐t ✇❛s ❡st❛❜❧✐s❤❡❞ ❜❡❢♦r❡ ■♥❞✐❛ ❣♦t ✐♥❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❇r✐t✐s❤ ❝♦❧♦♥✐❛❧ r✉❧❡ ❛♥❞ ✐t
♣❧❛②❡❞ ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡ ❝♦✉♥tr②✬s str✉❣❣❧❡ ❢♦r ✐♥❞❡♣❡♥❞❡♥❝❡✳ P♦st ✐♥❞❡♣❡♥❞❡♥❝❡✱ t❤❡
♥❡✇s♣❛♣❡r ❤❛s ❞❡✈❡❧♦♣❡❞ ❛ r❡♣✉t❛t✐♦♥ ❢♦r ❤✐❣❤ q✉❛❧✐t② ❝♦♥t❡♥t ♦❢t❡♥ ❤✐❣❤❧✐❣❤t❡❞ ❢♦r ✉♣❤♦❧❞✐♥❣
tr❛❞✐t✐♦♥❛❧ ❥♦✉r♥❛❧✐st✐❝ ✈❛❧✉❡s ❛♥❞ ✐♥t❡❣r✐t②✳ ■t ✐s ❢♦r t❤❡s❡ r❡❛s♦♥ t❤❛t ❝♦♠♣❛r✐s✐♦♥ ✇✐t❤ t❤❡
◆❡✇ ❨♦r❦ ❚✐♠❡s ✐♥ t❤❡ ❯❙ ❝♦♥t❡①t ✐s ❛♥ ❛♣t ♦♥❡✳ ◗✉♦t❡s s✐♠✐❧❛r t♦ t❤♦s❡ ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡
■♥tr♦❞✉❝t✐♦♥ r❡❧❛t❡❞ t♦ t❤❡ ◆❡✇ ❨♦r❦ ❚✐♠❡s ❛r❡ ❛❝t✉❛❧❧② ♣✉❜❧✐❝❧② ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ ♥❡✇s♣❛♣❡r
✇❡ ❛♥❛❧②s❡ ❜✉t ✇❡ ❝❛♥♥♦t ♣♦✐♥t t♦✇❛r❞s t❤❡♠ s✐♥❝❡ ✐t ✇♦✉❧❞ ❝♦♠♣r♦♠✐s❡ t❤❡ ✐❞❡♥t✐t② ♦❢ t❤❡
♥❡✇s♣❛♣❡r✳ ▼♦r❡♦✈❡r✱ ✐t ❤❛s ❛❧s♦ ❜❡❡♥ ❛♠♦♥❣st t❤❡ ✜rst ♠❛✐♥str❡❛♠ ♥❡✇s♣❛♣❡rs t♦ ❡♠❜r❛❝❡
❞✐✛❡r❡♥t str❛t❡❣✐❡s t♦ ❝❛♣t✉r❡ ❛♥❞ ❣r♦✇ ❛ s✐③❡❛❜❧❡ ♦♥❧✐♥❡ ❛✉❞✐❡♥❝❡✳
▼♦r❡ ❣❡♥❡r❛❧❧②✱ ❚❤❡ ♥❡✇s ✐♥❞✉str② ✐♥ ■♥❞✐❛ ✇❛s ✈❛❧✉❡❞ ❛t ✩✹✳✸✼ ❜✐❧❧✐♦♥ ✇✐t❤ ✶✵✼ ♠✐❧❧✐♦♥ ❝♦♣✐❡s ♦❢
♥❡✇s♣❛♣❡rs ❜❡✐♥❣ s♦❧❞ ❞❛✐❧② ✐♥ t❤❡ ②❡❛r ✷✵✵✾✲✷✵✶✵✳✶✺ ❚❤❡ ♦♥❧✐♥❡ r❡❛❞❡rs❤✐♣ ❤❛s s❡❡♥ s❤❛r♣ ❛♥♥✉❛❧
✐♥❝r❡❛s❡s ✇✐t❤ ✾✳✹ ♠✐❧❧✐♦♥ ❞❛✐❧② ✉♥✐q✉❡ ✈✐❡✇❡rs t♦ t❤❡ ❝❛t❡❣♦r② ✐♥ ✷✵✶✸ ✉♣ ❜② ✸✹✪ ❝♦♠♣❛r❡❞ t♦ t❤❡
♣r❡✈✐♦✉s ②❡❛r✳✶✻ ❚❤❡ ■♥❞✐❛♥ ♥❡✇s♣❛♣❡r ✐♥❞✉str② ✐s ❛ ❝♦♠♣♦s❡❞ ♦❢ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♥❡✇s♣❛♣❡rs
✐♥ r❡❣✐♦♥❛❧ ❧❛♥❣✉❛❣❡s ❛❧♦♥❣ ✇✐t❤ ❛ s❡t ♦❢ ♥❛t✐♦♥❛❧ ❊♥❣❧✐s❤ ❧❛♥❣✉❛❣❡ ❞❛✐❧✐❡s✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡
♣r✐♥t ❝✐r❝✉❧❛t✐♦♥ ♥✉♠❜❡rs ♦❢ t❤❡ ❊♥❣❧✐s❤ ❧❛♥❣✉❛❣❡ ❞❛✐❧✐❡s ❛r❡ ♥♦t ❛s ❤✐❣❤ ❛s t❤♦s❡ ♣✉❜❧✐s❤❡❞
✐♥ r❡❣✐♦♥❛❧ ❧❛♥❣✉❛❣❡s✱ t❤❡② ❢❛r❡ ♠✉❝❤ ❜❡tt❡r ✇❤❡♥ ✐t ❝♦♠❡s t♦ ♦♥❧✐♥❡ r❡❛❞❡rs❤✐♣ s✐♥❝❡ ✐♥t❡r♥❡t
♣❡♥❡tr❛t✐♦♥ ✐s ❧✐♠✐t❡❞ t♦ ♠❡tr♦♣♦❧✐t❛♥ ❝✐t✐❡s ✇❤♦ ❛r❡ ❛❧s♦ ♠♦r❡ ❧✐❦❡❧② t♦ ❝♦♥s✉♠❡ t❤❡✐r ♥❡✇s ✐♥
❊♥❣❧✐s❤✳ ❚❤❡ ❧❡❛❞✐♥❣ ❊♥❣❧✐s❤ ❧❛♥❣✉❛❣❡ ❞❛✐❧✐❡s ✐♥ t❤❡ ❝♦✉♥tr② ❛r❡ ❚❤❡ ❚✐♠❡s ♦❢ ■♥❞✐❛✱ ❍✐♥❞✉st❛♥
❚✐♠❡s✱ ❚❤❡ ■♥❞✐❛♥ ❊①♣r❡ss ❛♥❞ ❚❤❡ ❍✐♥❞✉ ❛♠♦♥❣st ♦t❤❡rs✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡② ♠✐❣❤t ♥♦t ❤❛✈❡
t❤❡ ❧✐♦♥✬s s❤❛r❡ ♦❢ t❤❡ ❝✐r❝✉❧❛t✐♦♥ ♥✉♠❜❡rs✱ s✐♥❝❡ t❤❡② ❝❛t❡r t♦ t❤❡ ❡❞✉❝❛t❡❞ ❛♥❞ ❤✐❣❤ ✐♥❝♦♠❡
t✐❡rs ♦❢ s♦❝✐❡t②✱ t❤❡② ❞❡✜♥✐t❡❧② ❞♦ s❡t t❤❡ ❛❣❡♥❞❛ ✐♥ t❡r♠s ♦❢ ✇❤❛t ✐ss✉❡s ❛r❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ♦❢
♥❛t✐♦♥❛❧ ✐♠♣♦rt❛♥❝❡✳
✶✺❙❡❡ ❤tt♣✿✴✴✇✇✇✳❜❜❝✳❝♦♠✴♥❡✇s✴❜✉s✐♥❡ss✲✶✹✸✻✷✼✷✸ ❢♦r ♠♦r❡✳
✶✻❙❡❡ ❛ r❡♣♦rt ❜❛s❡❞ ♦♥ ❝♦♠❙❝♦r❡ ❞❛t❛ ❤tt♣✿✴✴✇✇✇✳❝♦♠s❝♦r❡✳❝♦♠✴■♥s✐❣❤ts✴Pr❡ss✲❘❡❧❡❛s❡s✴✷✵✶✸✴✶✵✴■♥❞✐❛s✲
❉❛✐❧②✲❘❡❛❞❡rs❤✐♣✲♦❢✲❖♥❧✐♥❡✲◆❡✇s✲❛♥❞✲■♥❢♦r♠❛t✐♦♥✲❏✉♠♣s✲✸✹✲P❡r❝❡♥t✲✐♥✲t❤❡✲P❛st✲❨❡❛r✳
✻
✸ ❆ ❙✐♠♣❧❡ ▼♦❞❡❧ ♦❢ ❊❞✐t♦r✐❛❧ ❉❡❝✐s✐♦♥s
✸✳✶ ❚❤❡ ◆❡✇s♣❛♣❡r
❖✉r ♠♦❞❡❧ ❜✉✐❧❞s ♦♥ t❤❡ s❡t✉♣ ✉s❡❞ ❜② ●❡♥t③❦♦✇ ❛♥❞ ❙❤❛♣✐r♦ ✭✷✵✶✵✮ ❛♥❞ ▲❛t❤❛♠ ✭✷✵✶✹✮✳
❈♦♥s✐❞❡r ❛ s✐♥❣❧❡ ♥❡✇s♣❛♣❡r ✇❤✐❝❤ ♥❡❡❞s t♦ ❞❡❝✐❞❡ ❤♦✇ ♠✉❝❤ ❝♦✈❡r❛❣❡ ci t♦ ❣✐✈❡ t♦ ❛ ♣❛rt✐❝✉❧❛r
st♦r② i ✶✼✳ ❚❤❡ ♥❡✇s♣❛♣❡r ❝❛r❡s ❛❜♦✉t t❤❡ r❡✈❡♥✉❡ ❣❡♥❡r❛t❡❞ ❜② ❝♦✈❡r✐♥❣ ❛ st♦r②✱ ✇❤✐❝❤ ✇❡
❛ss✉♠❡ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ r❡❛❞❡rs ✇✐t❤ t❤❡ t♦t❛❧ ♠❛ss ♦❢ r❡❛❞❡rs ♥♦r♠❛❧✐③❡❞ t♦
✶✶✽✳ ❚❤❡r❡ ✐s ❛ ✭♠❛r❣✐♥❛❧✮ ❞✐s✉t✐❧✐t② λi ∈ R+ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝♦✈❡r✐♥❣ ❛♥② st♦r② i✳ ❚❤✉s✱ λici
❝❛♣t✉r❡s t❤❡ ❝♦sts ❢r♦♠ ❝♦✈❡r✐♥❣ ❛ st♦r②✳ ❋♦r♠❛❧❧②✱ ✇❡ ❡①♣r❡ss t❤❡ ♣❛②♦✛ t♦ t❤❡ ♥❡✇s♣❛♣❡r ❢r♦♠
❛❧❧♦❝❛t✐♥❣ ❝♦✈❡r❛❣❡ ci t♦ st♦r② i ❛s
π(i) = R(.)− λici,
✇❤❡r❡ R(.) ✐s t❤❡ r❡❛❞❡rs❤✐♣ ♦❢ t❤❡ st♦r② i ♦♥ ✇❤✐❝❤ ✇❡ ❡❧❛❜♦r❛t❡ ❜❡❧♦✇✳
✸✳✷ ❘❡❛❞❡rs
❲❡ ❝♦♥s✐❞❡r ❛ ♠❛r❦❡t ✇✐t❤ ❛ ✉♥✐t ♠❛ss ♦❢ r❡❛❞❡rs✳ ❚❤❡ ❛♣♣❡❛❧ ♦❢ ❛ st♦r② i t♦ t❤❡ r❡❛❞❡rs ✐s ❣✐✈❡♥
❜② ❛ ♣❛r❛♠❡t❡r αi✱ ✇❤✐❝❤ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❝♦♠♠♦♥ t♦ ❛❧❧ r❡❛❞❡rs✳ ❚❤❡ r❡❛❞❡rs✬ ❡♥❥♦②♠❡♥t ♦❢
r❡❛❞✐♥❣ ❛ st♦r② ❞❡♣❡♥❞s ♦♥ t❤✐s ♣r❡❢❡r❡♥❝❡ ♣❛r❛♠❡t❡r αi✱ ❛♥❞ t❤❡ ❛♠♦✉♥t ♦❢ ❝♦✈❡r❛❣❡ ❛❧❧♦❝❛t❡❞
t♦ ❛ st♦r②✱ ci✳ ❲❡ r❡♣r❡s❡♥t t❤✐s ✉t✐❧✐t② ❜② ❛ ❢✉♥❝t✐♦♥ f(.) ❛♥❞ ❛ss✉♠❡ t❤❛t ✐t ✐s ♠♦♥♦t♦♥✐❝❛❧❧②
✐♥❝r❡❛s✐♥❣ ❛♥❞ str✐❝t❧② ❝♦♥❝❛✈❡ ✐♥ ci✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ✐♥❞✐✈✐❞✉❛❧s✬ ✉t✐❧✐t② ✐♥❝r❡❛s❡s ✐♥ ❝♦✈❡r❛❣❡
❜✉t ❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡ ❤❛s ❞✐♠✐♥✐s❤✐♥❣ ♠❛r❣✐♥❛❧ ✉t✐❧✐t②✳ ❋✉rt❤❡r✱ ✇❡ ❛ss✉♠❡ t❤❛t f(ci, αi) ✐s
✐♥❝r❡❛s✐♥❣ ✐♥ αi ❛♥❞
∂2f(ci,αi)
∂ci∂αi
> 0✳ P✉t s✐♠♣❧②✱ t❤❡ ♠❛r❣✐♥❛❧ ✉t✐❧✐t② ♦❢ r❡❛❞✐♥❣ ❛❞❞✐t✐♦♥❛❧ ♠❛t❡r✐❛❧
♦♥ st♦r② i ✐s ❣r❡❛t❡r ❢♦r ♣r❡❢❡rr❡❞ st♦r✐❡s✱ ✐✳❡✳✱ st♦r✐❡s ✇✐t❤ ❤✐❣❤❡r αi✳ ❆♥ ✐♥❞✐✈✐❞✉❛❧ r❡❛❞❡r q ❤❛s
t❤❡ ❢♦❧❧♦✇✐♥❣ ✉t✐❧✐t② ❢r♦♠ r❡❛❞✐♥❣ st♦r② i✿
Uq(i) = f(ci, αi)− δiq.
✶✼❆s ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✱ ❝♦✈❡r❛❣❡ ❝❛♥ ❜❡ t❤♦✉❣❤t ♦❢ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞ ❛s ♣❛rt ♦❢
❛ st♦r② ♦r t❤❡ ❧❡♥❣t❤ ♦❢ t✐♠❡ ❛ st♦r② ✐s ❝♦✈❡r❡❞ ❢♦r✳ ▼♦r❡♦✈❡r✱ ❛s ✐♥ ●❡♥t③❦♦✇ ❛♥❞ ❙❤❛♣✐r♦ ✭✷✵✶✵✮ ❛♥❞ ▲❛t❤❛♠
✭✷✵✶✹✮✱ ✇❡ ❛❜str❛❝t ❛✇❛② ❢r♦♠ ❝♦♠♣❡t✐t✐♦♥ ❜❡t✇❡❡♥ ♥❡✇s♣❛♣❡rs ❛♥❞ ❢♦❝✉s ♦♥ t❤❡ ✐♥❞❡♣❡♥❞❡♥t ❞❡❝✐s✐♦♥s ♠❛❞❡ ❜②
❛ s✐♥❣❧❡ ♥❡✇s♣❛♣❡r✳
✶✽❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ♥❡✇s♣❛♣❡r ✈❛❧✉❡s ❛❧❧ ❛✉❞✐❡♥❝❡s t❤❡ s❛♠❡✳
✼
❚❤❡ t❡r♠ δiq ❝❛♣t✉r❡s st♦r② ❝❤❛r❛❝t❡r✐st✐❝s ✇❤✐❝❤ ❛✛❡❝t ❡❛❝❤ r❡❛❞❡r ✐❞✐♦s②♥❝r❛t✐❝❛❧❧②✳ ❚❤✐s ❝♦✉❧❞
❜❡ t❤♦✉❣❤t ♦❢ ❛s ❛♥ ✐❞✐♦s②♥❝r❛t✐❝ t❛st❡ s❤♦❝❦ ♦r ❛ ❝♦♠♣♦s✐t❡ t❡r♠ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ✐❞✐♦s②♥❝r❛t✐❝
r❡❛❞✐♥❣ ❝♦sts✳ ❋♦r tr❛❝t❛❜✐❧✐t②✱ ✇❡ ❛ss✉♠❡ t❤❛t δiq ✐s ✉♥✐❢♦r♠❧② ❞✐str✐❜✉t❡❞ ♦♥ [0, 1]✳
❚❤❡ t✐♠✐♥❣ ♦❢ t❤❡ ❣❛♠❡ ✐♥ t❤✐s s✐♠♣❧❡ ♠♦❞❡❧ ❛r❡ ❛s ❢♦❧❧♦✇s✳ ❋✐rst t❤❡ ♥❡✇s ❡❞✐t♦r ♦r t❤❡ ♥❡✇s♣❛♣❡r
❞❡❝✐❞❡s ❤♦✇ ♠✉❝❤ ❝♦✈❡r❛❣❡ t♦ ❣✐✈❡ t♦ ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ st♦r② i✳ ◆❡①t✱ t❤❡ r❡❛❞❡rs ♦❜s❡r✈❡ t❤❡
❝♦✈❡r❛❣❡ ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛ st♦r② ❛♥❞ ❞❡❝✐❞❡ ✇❤❡t❤❡r t♦ r❡❛❞ st♦r② ♦r ♥♦t ✇✐t❤ t❤❡ r❡s❡r✈❛t✐♦♥
✉t✐❧✐t② ❜❡✐♥❣ ♥♦r♠❛❧✐③❡❞ t♦ 0✳ ❈♦♥s✉♠❡rs r❡❛❞ t❤❡ st♦r✐❡s ❛♥❞ r❡❝❡✐✈❡ ✉t✐❧✐t② ❛♥❞ t❤❡ ♥❡✇s♣❛♣❡r
❣❛✐♥s r❡❛❞❡rs❤✐♣ ❛♥❞ ❤❡♥❝❡ r❡✈❡♥✉❡✳
✸✳✸ ❆♥❛❧②s✐s
❯s✐♥❣ ❜❛❝❦✇❛r❞ ✐♥❞✉❝t✐♦♥✱ ✇❡ ✜rst ❛♥❛❧②③❡ t❤❡ ❞❡❝✐s✐♦♥ ♦❢ t❤❡ r❡❛❞❡rs✳ ❘❡❛❞❡rs ♦❜s❡r✈❡ t❤❡
❝♦✈❡r❛❣❡ ♦❢ st♦r② i ❜② t❤❡ ♥❡✇s♣❛♣❡r✱ ❛♥❞ t❤❡✐r ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❛t st♦r② αi✳ ■♥❞✐✈✐❞✉❛❧ q ✇✐❧❧
r❡❛❞✴❝❧✐❝❦ ♦♥ t❤❡ st♦r② ✐❢✿
f(ci, αi) ≥ δiq. ✭✶✮













f(ci, αi) ✐❢f(ci, αi) ∈ (0, 1),
1 ✐❢f(ci, αi) ≥ 1,
0 ✐❢f(ci, αi) ≤ 0.
✭✷✮
❲❡ ❢♦❝✉s ♦♥ t❤❡ ❝❛s❡ ✇❤❡r❡ f(ci, αi) ∈ (0, 1)✳ ◆❡①t✱ t❛❦✐♥❣ t❤❡ r❡❛❞❡rs❤✐♣ ♦❢ t❤❡ st♦r② ✐♥t♦
❛❝❝♦✉♥t✱ t❤❡ ♥❡✇s♣❛♣❡r ❝❤♦♦s❡s ci t♦ ♠❛①✐♠✐③❡ ✐ts ✉t✐❧✐t②✿
f(ci, αi)− λici. ✭✸✮
❚❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥ ✐s ❣✐✈❡♥ ❜②
f ′(ci, αi)− λi = 0, ✭✹✮
❛♥❞ t❤❡ s❡❝♦♥❞ ♦r❞❡r ❝♦♥❞✐t✐♦♥ ❢♦r ❛ ♠❛①✐♠✉♠ ✐s s❛t✐s✜❡❞ s✐♥❝❡ f(.) ✐s str✐❝t❧② ❝♦♥❝❛✈❡ ✐♥ ci
✐♠♣❧②✐♥❣ f ′′(ci, αi) < 0✳
✽
■♥ ♦r❞❡r t♦ ❡st✐♠❛t❡ t❤❡ ✜rst ♦r❞❡r ❝♦♥❞✐t✐♦♥ ❞✐r❡❝t❧②✱ ✇❡ ✐♠♣♦s❡ s♦♠❡ str✉❝t✉r❡ ♦♥ t❤❡ ♠♦❞❡❧
t♦ ✜♥❞ ❝❧♦s❡❞ ❢♦r♠ s♦❧✉t✐♦♥s✳ ❲❡ ❛ss✉♠❡ ❛ ❢✉♥❝t✐♦♥❛❧ ❢♦r♠ ❢♦r f(ci, αi) ❣✐✈❡♥ ❜② σ(αici)
1
σ


















i > 0✳ ❚❤❡ ❤✐❣❤❡r t❤❡ ❛♣♣❡❛❧ ♦❢ ❛ st♦r②✱
t❤❡ ❣r❡❛t❡r t❤❡ ❝♦✈❡r❛❣❡ ✐t r❡❝❡✐✈❡s ❢r♦♠ t❤❡ ♥❡✇s♣❛♣❡r✳
✸✳✹ ❆ ❙tr✉❝t✉r❛❧ ▼♦❞❡❧ ❢♦r ❊st✐♠❛t✐♦♥
❚❤❡ ♣r❡❞✐❝t✐♦♥s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♠♦❞❡❧ ❢♦r♠ t❤❡ ❜❛s✐s ♦❢ ♦✉r ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s✳ ❇② ✐♠♣♦s✐♥❣




















2 log(αi) + ψ
α
i , ✭✼✮
✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ✈✐❡✇s ♦r ❝❧✐❝❦s ♦❢ st♦r② i ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛♣♣❡❛❧ ♦❢
t❤❡ st♦r② ❛♥❞ ❛♥ ❡rr♦r t❡r♠✳ ❆s t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❞❡♠♦♥str❛t❡s✱ ✇❡ ❡①♣❡❝t t❤❡ ❝♦✈❡r❛❣❡ ♦❢











✐♠♣❧②✐♥❣ t❤❛t t❤❡ ♣r❡❢❡r❡♥❝❡ ♦❢ t❤❡ ♥❡✇s♣❛♣❡r ❢♦r ❛♥② st♦r② ✭❝❛♣t✉r❡❞ ❜② λi✮ ❜❡ ❛ ❧✐♥❡❛r ❢✉♥❝t✐♦♥
♦❢ ❛ s❡t ♦❢ ❝♦✈❛r✐❛t❡s ❛♥❞ ❛♥ ❡rr♦r t❡r♠✳
✾

























✇❤✐❝❤ ❝❛♥ ❜❡ ♠♦r❡ s✉❝❝✐♥❝t❧② ✇r✐tt❡♥ ❛s

































t♦ ❡✈❛❧✉❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ ✈✐❡✇s ♦♥ ❝♦✈❡r❛❣❡✳ ❲❡
❡①♣❡❝t γ1 t♦ ❜❡ ♣♦s✐t✐✈❡ s✐♥❝❡ σ − 1 > 0✳
❲❡ ♥♦✇ ♠♦✈❡ t♦ ❞❡s❝r✐❜✐♥❣ t❤❡ ❞❛t❛ ✐♥ ❣r❡❛t❡r ❞❡t❛✐❧ ❜❡❢♦r❡ ❤✐❣❤❧✐❣❤t✐♥❣ ♦✉r ❡♠♣✐r✐❝❛❧ str❛t❡❣②
t♦ ✐❞❡♥t✐❢② ♦✉r ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st✳
✹ ❉❛t❛ ❛♥❞ ▼❡t❤♦❞♦❧♦❣②
✹✳✶ ❚❤❡ ❉❛t❛✿ ❆♥ ❖✈❡r✈✐❡✇
❚❤❡ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞ ❜② ❝r❡❛t✐♥❣ ❛ ✉♥✐q✉❡ ❞❛t❛s❡t ❜❛s❡❞ ♦♥ t❤❡ ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞
❜② ❛ ❧❡❛❞✐♥❣ ■♥❞✐❛♥ ♥❛t✐♦♥❛❧ ❊♥❣❧✐s❤ ❞❛✐❧② ♦♥ ✐ts ♦♥❧✐♥❡ ✇❡❜s✐t❡✳✶✾ ❲❡ ❤❛✈❡ ❛❝❝❡ss t♦ ❞❛t❛ ♦♥ ❛❧❧
❛rt✐❝❧❡s t❤❛t ✇❡r❡ r❡❛❞ ♦♥❧✐♥❡ ❢♦r ❛ ♣❡r✐♦❞ ♦❢ ♦♥❡ ②❡❛r✱ ❢r♦♠ t❤❡ 1st ♦❢ ❏❛♥✉❛r② ✷✵✶✷ t♦ t❤❡ 31st
♦❢ ❉❡❝❡♠❜❡r ✷✵✶✷✳ ❋♦r ❡❛❝❤ ❛rt✐❝❧❡ ✭♦r✱ ❡q✉✐✈❛❧❡♥t❧② ❯❘▲✮ ✇❡ ♦❜s❡r✈❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛❣❡ ✈✐❡✇s
❛s ✇❡❧❧ ❛s t❤❡ ✉♥✐q✉❡ ♣❛❣❡ ✈✐❡✇s✳ ❲❡ ♣r♦✈✐❞❡ ❢✉rt❤❡r ❞❡t❛✐❧s ♦♥ t❤❡s❡ ♠❡❛s✉r❡s ❜❡❧♦✇✳
❚♦ ❛❝❝♦✉♥t ❢♦r ❛rt✐❝❧❡ ❧❡✈❡❧ ❤❡t❡r♦❣❡♥❡✐t② ✇❤✐❝❤ ♠❛② ❝♦♥tr✐❜✉t❡ t♦ ❛ st♦r②✬s ♣♦♣✉❧❛r✐t②✱ ✇❡ ❝♦♠✲
❜✐♥❡❞ t❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♥❡✇s♣❛♣❡r ✇✐t❤ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❜② ❝r❛✇❧✐♥❣ t❤❡ ♥❡✇s ✇❡❜s✐t❡✳
❲❡ ✉s❡ ❛♥ ❛✉t♦♠❛t❡❞ s❝r✐♣t t♦ s❝r❛♣❡ t❤❡ ♥❡✇s s✐t❡ t♦ ❝♦❧❧❡❝t ❞❛t❛ ♦♥ t❤❡ t❡①t ♦❢ ❡❛❝❤ ❛rt✐❝❧❡
❛❧♦♥❣ ✇✐t❤ ✐ts ❤❡❛❞❧✐♥❡✱ ✇❤❡t❤❡r ✐t ❤❛❞ ❛ ♣✐❝t✉r❡ ♦♥ t❤❡ ♣❛❣❡✱ t❤❡ t✐♠❡ ❛♥❞ ❞❛t❡ t❤❡ ❛rt✐❝❧❡ ✇❛s
♣✉❜❧✐s❤❡❞✱ ❛s ✇❡❧❧ ❛s t❤❡ s♦✉r❝❡ ♦❢ t❤❡ ❛rt✐❝❧❡ ✭✇❤❡t❤❡r t❤❡ st♦r② ✇❛s ✇r✐tt❡♥ ❜② ❛ ❥♦✉r♥❛❧✐st ♦❢
t❤❡ ♥❡✇s♣❛♣❡r ♦r ✇❛s ❛♣♣r♦♣r✐❛t❡❞ ❢r♦♠ ❛ ♥❡✇s ✇✐r❡✮✳ ❲❡ ❛❧s♦ s❝r❛♣❡ t❤❡ t❛❣❣✐♥❣ ✐♥❢♦r♠❛t✐♦♥
✶✾❯♥❞❡r t❤❡ ◆♦♥✲❉✐s❝❧♦s✉r❡ ❆❣r❡❡♠❡♥t s✐❣♥❡❞ ✇✐t❤ t❤❡ ♥❡✇s♣❛♣❡r✱ ✐t ✇✐❧❧ ♥❡✈❡r ❜❡ r❡❢❡rr❡❞ t♦ ❜② ✐ts ♥❛♠❡
❜✉t ❛s ❛ ✏❧❡❛❞✐♥❣ ■♥❞✐❛♥ ♥❛t✐♦♥❛❧ ❞❛✐❧②✑✳ ❚❤❡ ♥❛t✐♦♥❛❧ ❞❛✐❧② ✐s ❛♠♦♥❣st t❤❡ ❧❛r❣❡st ❊♥❣❧✐s❤ ❞❛✐❧✐❡s ✐♥ t❡r♠s ♦❢
❝✐r❝✉❧❛t✐♦♥ r❛t❡s✳ ▼♦r❡♦✈❡r✱ ✐t ✐s ❛ ❤✐❣❤❧② r❡s♣❡❝t❡❞ ♦✉t❧❡t ✐♥ t❡r♠s ♦❢ t❤❡ q✉❛❧✐t② ♦❢ ❝♦♥t❡♥t✳
✶✵
❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❛rt✐❝❧❡ ♣❛❣❡ ✭✇❤❡♥ ❛✈❛✐❧❛❜❧❡✮ t♦ ✐❞❡♥t✐❢② t❤❡ s❡❝t✐♦♥ t❤❡ ❛rt✐❝❧❡ ❜❡❧♦♥❣❡❞ t♦✳
❲❡ ♠❛t❝❤❡❞ ♣r♦♣r✐❡t❛r② ❞❛t❛ ❢r♦♠ t❤❡ ♥❡✇s♣❛♣❡r ✇✐t❤ ❞❛t❛ s❝r❛♣❡❞ ♦♥ ❡❛❝❤ ❛rt✐❝❧❡ t♦ ♦❜t❛✐♥
t❤❡ ❞❛t❛s❡t ✇❤✐❝❤ ❢♦r♠s t❤❡ ❜❛s✐s ♦❢ ♦✉r ❛♥❛❧②s✐s✳
✹✳✷ ■❞❡♥t✐❢②✐♥❣ ◆❡✇s ❙t♦r✐❡s
❖✉r ✉♥✐t ♦❢ ♦❜s❡r✈❛t✐♦♥ ✐s ❛ ❵♥❡✇s st♦r②✬ ✇❤✐❝❤ ✇❡ ❞❡✜♥❡ ❛s ❛ ❝❧✉st❡r ♦❢ s✉❝❝❡ss✐✈❡ ♥❡✇s ❛rt✐❝❧❡s
♣✉❜❧✐s❤❡❞ ♦♥ ❛ ❝♦♠♠♦♥ ✐ss✉❡ ♦r t♦♣✐❝✳ ❚♦ ❞❡✜♥❡ ❛ ❝❧✉st❡r ✇❡ ✜rst ♠✐♥❡ t❤❡ t❡①t ♦❢ ❡❛❝❤ ❛rt✐❝❧❡
✉s✐♥❣ ♥❛t✉r❛❧ ❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣ t❡❝❤♥✐q✉❡s✱ ❛♥❞ ✐❞❡♥t✐❢② t❤❡ ♣r♦♣❡r ♥♦✉♥s ❛♣♣❡❛r✐♥❣ ✐♥ ❡❛❝❤
❛rt✐❝❧❡✳ ❚❤❡ ♣r♦♣❡r ♥♦✉♥s✱ ✇❤✐❝❤ r❡❢❡r t♦ ❡♥t✐t✐❡s s✉❝❤ ❛s ♣❡♦♣❧❡✱ ♣❧❛❝❡s✱ ✐♥st✐t✉t✐♦♥s ❛♥❞ ❡✈❡♥ts✱
♣r♦✈✐❞❡ ✉s ✇✐t❤ ❛ ❧✐st ♦❢ ❦❡②✇♦r❞s ✇❤✐❝❤ s✉♠♠❛r✐③❡ t❤❡ t♦♣✐❝ ♦❢ t❤❡ ❛rt✐❝❧❡✳ ❲❡ s♦rt t❤❡ ❛rt✐❝❧❡s
✐♥ t❤❡ ♦r❞❡r ♦❢ t❤❡✐r ♣✉❜❧✐❝❛t✐♦♥ ❞❛t❡✱ st❛rt✐♥❣ ❢r♦♠ t❤❡ ♦❧❞❡st t♦ t❤❡ ♠♦st r❡❝❡♥t✳ ❲❡ t❤❡♥
✐♠♣❧❡♠❡♥t ❛ ❝❧✉st❡r✐♥❣ ♠❡t❤♦❞ ✇❤✐❝❤ ❡♠♣❧♦②s ❛ ✇♦r❞ ❢r❡q✉❡♥❝② ❛❧❣♦r✐t❤♠ ❜♦rr♦✇❡❞ ❢r♦♠ t❤❡
❝♦♠♣✉t❡r s❝✐❡♥❝❡ ❧✐t❡r❛t✉r❡ ✭s❡❡ ❘❛❞❡✈ ❡t ❛❧✳ ✭✶✾✾✾✮✮ t♦ ✐❞❡♥t✐❢② s✐♠✐❧❛r✐t✐❡s ❜❡t✇❡❡♥ ❛rt✐❝❧❡s✱ ❛❧s♦
✉s❡❞ ❜② ❋r❛♥❝❡s❝❤❡❧❧✐ ✭✷✵✶✶✮✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ❝♦♠♣❛r❡s ❛♥ ❛rt✐❝❧❡ t♦ ❛♥♦t❤❡r ❛rt✐❝❧❡ ❜❛s❡❞ ♦♥ ❛
♣r♦♣❡r ♥♦✉♥ ❧✐st ❛♥❞ ❢r❡q✉❡♥❝② ♦❢ t❤❡s❡ ♣r♦♣❡r ♥♦✉♥s✳ ■❢ ♣r♦♣❡r ♥♦✉♥s ♦❢ t❤❡ s❡❝♦♥❞ ❛rt✐❝❧❡ s❤♦✇
s✉✣❝✐❡♥t s✐♠✐❧❛r✐t② ✭✐✳❡✳✱ ❡①❝❡❡❞s ❛ s❡t t❤r❡s❤♦❧❞✮ t♦ t❤❛t ♦❢ t❤❡ ✜rst ❛rt✐❝❧❡✱ t❤❡ ❛❧❣♦r✐t❤♠ t❤❡♥
❝♦♠❜✐♥❡s t❤❡ t✇♦ ❛rt✐❝❧❡s ✐♥t♦ ❛ s✐♥❣❧❡ ❝❧✉st❡r✳ ❲❡ ✉♣❞❛t❡ t❤❡ ❧✐st ♦❢ ♣r♦♣❡r ♥♦✉♥s ❢♦r t❤❡ ❝❧✉st❡r
❜② ✐♥❝❧✉❞✐♥❣ t❤❡ ♣r♦♣❡r ♥♦✉♥s ❢r♦♠ ❜♦t❤ ❛rt✐❝❧❡s✳ ❲❡ ❝♦♥t✐♥✉❡ t❤❡ s❡❛r❝❤ ♣r♦❝❡ss ❜② ❧♦♦❦✐♥❣
❢♦r ❛♥♦t❤❡r ❛rt✐❝❧❡ ♣✉❜❧✐s❤❡❞ ✇✐t❤✐♥ ❛ ✷✹ ❤♦✉r ✇✐♥❞♦✇ ♦❢ t❤❡ ❧❛t❡st ❛rt✐❝❧❡ ♦❢ t❤❡ ❝❧✉st❡r✱ ❛♥❞ ✐❢
t❤✐s ❛rt✐❝❧❡ ❝♦♥t❛✐♥s ❛ s✐♠✐❧❛r✐t② s❝♦r❡ ✇❤✐❝❤ ✐s ❤✐❣❤❡r t❤❛♥ t❤❡ s♣❡❝✐✜❡❞ t❤r❡s❤♦❧❞✱ ✇❡ ❛❞❞ t❤✐s
❛rt✐❝❧❡ ✐♥t♦ t❤❡ ❝❧✉st❡r ❛s ✇❡❧❧✳ ❲❡ ❝♦♥t✐♥✉❡ t❤✐s ♣r♦❝❡ss ✉♥t✐❧ ♥♦ ♦t❤❡r ❛rt✐❝❧❡ ❝❛♥ ❜❡ ❛ss✐❣♥❡❞
t♦ t❤✐s ❝❧✉st❡r ✇✐t❤✐♥ t❤❡ ❞❡s✐❣♥❛t❡❞ ✷✹ ❤♦✉r ✇✐♥❞♦✇✳






























✇❤❡r❡ ❛rt✐❝❧❡ A ✐s r❡♣r❡s❡♥t❡❞ ❛s ❛ ✈❡❝t♦r A = (tf1, tf2, ......tfp) ♦❢ ♣r♦♣❡r ♥♦✉♥ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡
t❡r♠ tfj ❞❡♥♦t❡s t❤❡ ❢r❡q✉❡♥❝② ♦❢ ♣r♦♣❡r ♥♦✉♥ j ✐♥ ❛rt✐❝❧❡ A✱ ❛♥❞ ✐s r❡❝♦r❞❡❞ ❢♦r ❛❧❧ ♣r♦♣❡r ♥♦✉♥s
t❤❛t ❛♣♣❡❛r ✐♥ ❛♥② ❛rt✐❝❧❡ ✐♥ t❤❡ ♥❡✇s ❝②❝❧❡✳ N ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ t❤❡ ❞❛t❛❜❛s❡
✶✶
❛♥❞ nj ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ t❤❡ ❞❛t❛❜❛s❡ ✐♥ ✇❤✐❝❤ ♣r♦♣❡r ♥♦✉♥ j ❛♣♣❡❛rs✳ ❚❤❡
❢❛❝t♦r log(N
nj
) ✇❡✐❣❤s t❤❡ t❡r♠ tfj ✐♥ ❛ ✇❛② t♦ ❛❧❧♦❝❛t❡ ❣r❡❛t❡r ✇❡✐❣❤t t♦ t❤❡ ♣r♦♣❡r ♥♦✉♥s ✇❤✐❝❤
❛♣♣❡❛r r❡❧❛t✐✈❡❧② ❧❡ss ❢r❡q✉❡♥t❧②✳
❚❤❡ s✐♠✐❧❛r✐t② ❝♦❡✣❝✐❡♥t ❜❡t✇❡❡♥ ❛rt✐❝❧❡ A ❛♥❞ ❝❧✉st❡r S ✐s ♥♦r♠❛❧✐③❡❞ t♦ t❛❦❡ ❛ ✈❛❧✉❡ ✐♥ t❤❡
[0, 1] ✐♥t❡r✈❛❧✳
❆♥ ❛rt✐❝❧❡ ❝♦✉❧❞ ❜❡ ♣❧❛❝❡❞ ✐♥ ❛ ❝❧✉st❡r t♦ ✇❤✐❝❤ ✐t ❛❝t✉❛❧❧② ❞♦❡s ♥♦t ❜❡❧♦♥❣ ❞✉❡ ❛ t❤r❡s❤♦❧❞ t❤❛t
✐s t♦♦ ❧♦✇ ♦r ✐t ❝♦✉❧❞ ❜❡ ❡①❝❧✉❞❡❞ ❢r♦♠ ❛ ❝❧✉st❡r t❤❛t ✐t s❤♦✉❧❞ ❜❡❧♦♥❣ t♦ ❞✉❡ t♦ ❛ t❤r❡s❤♦❧❞ t♦♦
❤✐❣❤✳ ❍❡♥❝❡✱ t❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ❢♦r s✐♠✐❧❛r✐t② (S,A) ❤❛s t♦ ✜♥❞ ❛ ❜❛❧❛♥❝❡ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦
♦♣♣♦s✐t❡ ❡✛❡❝ts✳✷✵
◆♦t✐❝❡ t❤❛t t❤❡ ❝❧✉st❡r✐♥❣ ❛❧❣♦r✐t❤♠ ❛❧❧♦✇s ❛ st♦r② t♦ ❝♦♥t✐♥✉❡ ❛s ❧♦♥❣ ❛s t❤❡r❡ ✐s ❛♥ ❛rt✐❝❧❡
♣✉❜❧✐s❤❡❞ ♦♥ t❤❡ s❛♠❡ t♦♣✐❝ ❡✈❡r② ✷✹ ❤♦✉rs✳ ■❢ ❛♥ ❛rt✐❝❧❡ ✐s ♥♦t s✉✣❝✐❡♥t❧② s✐♠✐❧❛r t♦ ❛♥② ♦t❤❡r
❛rt✐❝❧❡ ✇✐t❤✐♥ t❤❡ ✷✹ ❤♦✉r ✇✐♥❞♦✇✱ t❤❡♥ t❤❡ ❛rt✐❝❧❡ ✐ts❡❧❢ ❜❡❝♦♠❡s ❛ st♦r②✳ ❉✉❡ t♦ t❤❡ ❧❛r❣❡
♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s✱ ✇❡ ❢♦❧❧♦✇ ❋r❛♥❝❡s❝❤❡❧❧✐ ✭✷✵✶✶✮ ✐♥ ❞✐✈✐❞✐♥❣ t❤❡ ②❡❛r ❞❛②s ✐♥t♦ ✷✹✲❤♦✉r ♥❡✇s
❝②❝❧❡s ❛♥❞ ❛ss✐❣♥ ❡❛❝❤ ❛rt✐❝❧❡ t♦ ❡①❛❝t❧② ♦♥❡ st♦r② t♦ ❧✐♠✐t t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♠♣❛r✐s♦♥s t❤❛t ♥❡❡❞
t♦ ❜❡ ♠❛❞❡ ❜❡t✇❡❡♥ ❛rt✐❝❧❡s s♦ t❤❛t ✐t ✐s ❝♦♠♣✉t❛t✐♦♥❛❧❧② ♠❛♥❛❣❡❛❜❧❡✳ ❆❢t❡r t❤❡ ♣r♦❝❡ss✱ ✇❡ ❡♥❞
✉♣ ✇✐t❤ ✶✷✽✱✻✾✾ ❛rt✐❝❧❡s ❝❧✉st❡r❡❞ ✐♥t♦ ❛ t♦t❛❧ ♦❢ ✻✵✱✻✽✾ st♦r✐❡s✳
❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❝❧✉st❡r ✐s t❤❡ ❛rt✐❝❧❡s ♦♥ t❤❡ ❋✉❦✉s❤✐♠❛ ❞✐s❛st❡r ✐♥ ❏❛♣❛♥✱ ❛s ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✶✳
❚❤❡ ❝❧✉st❡r ❜❡❣❛♥ ♦♥ t❤❡ 5th ♦❢ ❏✉❧② ✷✵✶✷ ❛t ✶✿✵✽ ♣♠ ❛♥❞ ✇❡♥t ♦♥ t✐❧❧ 7th ♦❢ ❏✉❧② ✇✐t❤ t❤❡ ❧❛st
❛rt✐❝❧❡ ♣✉❜❧✐s❤❡❞ ❛t ✶✷✿✺✺ ❛♠✳ ❚❤❡ ❝❧✉st❡r ❡♥❞s ✇✐t❤ ✜✈❡ ❛rt✐❝❧❡s✱ ✇✐t❤ ❛t ❧❡❛st ♦♥❡ ❛rt✐❝❧❡ ✇r✐tt❡♥
❛❜♦✉t t❤❡ ✐♥❝✐❞❡♥t ❡✈❡r② ✷✹ ❤♦✉rs✱ ❛♥❞ ♥♦ ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞ ♦♥ t❤❡ 8th ♦❢ ❏✉❧②✳ ❆♥② ❛rt✐❝❧❡s
♣✉❜❧✐s❤❡❞ r❡❧❡✈❛♥t t♦ t❤❡ ❋✉❦✉s❤✐♠❛ ❞✐s❛st❡r ♦♥ ♦r ❛❢t❡r t❤❡ 9th ♦❢ ❏✉❧② ❛r❡ ❣r♦✉♣❡❞ ✐♥t♦ ❛♥♦t❤❡r
❝❧✉st❡r✳✷✶
✹✳✸ ❚❤❡ ❉❡♣❡♥❞❡♥t ❛♥❞ ❊①♣❧❛♥❛t♦r② ❱❛r✐❛❜❧❡s
❲❡ ♥♦✇ ❞❡s❝r✐❜❡ ♦✉r ♠❛✐♥ ❞❡♣❡♥❞❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ♦❢ ✐♥t❡r❡st ✇✐t❤ t❤❡ ❞❡s❝r✐♣t✐✈❡
st❛t✐st✐❝s ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✷✳
✷✵❖✉r r❡s✉❧ts ❛r❡ ❜❛s❡❞ ♦♥ t❤r❡s❤♦❧❞ ✈❛❧✉❡s ♦❢ ✵✳✸ ❛s ✐♥ ❋r❛♥❝❡s❝❤❡❧❧✐ ✭✷✵✶✶✮ ✇❤✐❝❤ s❡❡♠ t♦ ♣r♦✈✐❞❡ t❤❡ ❜❡st
❝❧✉st❡r✐♥❣ r❡s✉❧ts✳ ❚♦ ❡♥s✉r❡ t❤❛t ♦✉r r❡s✉❧ts ❛r❡ ♥♦t ❞r✐✈❡♥ ❜② ❛ s♣❡❝✐✜❝ t❤r❡s❤♦❧❞ ✈❛❧✉❡✱ ✇❡ ❛❧s♦ r❡✲r✉♥ ♦✉r
r❡s✉❧ts ✇✐t❤ t❤r❡s❤♦❧❞ ✈❛❧✉❡s ♦❢ ✵✳✹ ❛♥❞ ✵✳✺✳ ❘❡❣r❡ss✐♦♥ r❡s✉❧ts ✇✐t❤ ❛ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ♦❢ ✵✳✹ ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ t❤❡
❉❛t❛ ❆♣♣❡♥❞✐①✳ ❋✉rt❤❡r r❡s✉❧ts ❜❛s❡❞ ♦♥ ❛ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ♦❢ ✵✳✺ ✐s ❛✈❛✐❧❛❜❧❡ ♦♥ r❡q✉❡st✳
✷✶▼♦r❡ ❡①❛♠♣❧❡s ❢♦r st♦r✐❡s ❛r❡ ✐♥ ❚❛❜❧❡ ✷✶ ✐♥ t❤❡ ❉❛t❛ ❆♣♣❡♥❞✐①✳
✶✷
✹✳✸✳✶ ❉❡♣❡♥❞❡♥t ❱❛r✐❛❜❧❡s ♦❢ ■♥t❡r❡st
❲❡ ❢♦❝✉s ♦♥ t✇♦ ❞✐st✐♥❝t ②❡t r❡❧❛t❡❞ ♠❡❛s✉r❡s ♦❢ ❡❞✐t♦r✐❛❧ r❡s♣♦♥s❡ t♦ r❡❛❞❡r ❞❡♠❛♥❞✿ t❤❡ ♥✉♠❜❡r
♦❢ ❛rt✐❝❧❡s ✇✐t❤✐♥ ❛ st♦r② ❛♥❞ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ st♦r②✳
❚❤❡ ◆✉♠❜❡r ♦❢ ❆rt✐❝❧❡s ✐♥ ❛ ❙t♦r②✿ ■t ✐s ♣♦ss✐❜❧❡ t❤❛t ❛ ♣♦♣✉❧❛r st♦r② ♠❛② ♠♦t✐✈❛t❡
t❤❡ ♥❡✇s♣❛♣❡r t♦ ♣✉❜❧✐s❤ ♠♦r❡ ❛rt✐❝❧❡s ♦♥ t❤❡ s❛♠❡ t♦♣✐❝ ✐♥ r❡s♣♦♥s❡ t♦ t❤❡ ❞❡♠❛♥❞ ❢r♦♠ t❤❡
❝♦♥s✉♠❡rs✳ ❚❤✐s ✇❛②✱ t❤❡ ❡❞✐t♦r ♠❛② ❝❤♦♦s❡ t♦ ❣✐✈❡ t❤❡ r❡❛❞❡rs ✉♣❞❛t❡s ♦♥ t❤❡ ✐ss✉❡ t❤r♦✉❣❤
❛❞❞✐t✐♦♥❛❧ ❛rt✐❝❧❡s✳ ❚❤❡ ♠❡❛♥ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✇r✐tt❡♥ ✉♥❞❡r ❛♥ ✐ss✉❡ ✐s ✶✳✼✵✱ ❛♥❞ t❤❡ ♠❡❞✐❛♥
✐ss✉❡ ❤❛s ♦♥❧② ♦♥❡ ❛rt✐❝❧❡✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ✐s s❦❡✇❡❞✱ ✇✐t❤ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✼✳✸✹ ❛rt✐❝❧❡s✳
❚❤❡ ▲❡♥❣t❤ ♦❢ ❛ ❙t♦r②✿ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❡❞✐t♦r ❝❛♥ ❝❤♦♦s❡ t♦ ♣✉❜❧✐s❤ ❛rt✐❝❧❡s ❛❜♦✉t ❛♥ ✐ss✉❡
❢♦r ❛ ❧♦♥❣❡r ♣❡r✐♦❞ ♦❢ t✐♠❡✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t✐♠❡ ❛ st♦r② ✐s ❝♦✈❡r❡❞ ✐s ♠❡❛s✉r❡❞ ❜② t❤❡ t✐♠❡ ❡❧❛♣s❡❞
❜❡t✇❡❡♥ t❤❡ ✜rst ❛♥❞ t❤❡ ❧❛st ❛rt✐❝❧❡ ♦❢ st♦r② i✳ ■❢ ❛ st♦r② ✐♥✈♦❧✈❡s ❛ s✐♥❣❧❡ ❛rt✐❝❧❡✱ t❤❡♥ ❜②
❞❡✜♥✐t✐♦♥✱ t❤❡ ❞✉r❛t✐♦♥ ✐s ③❡r♦✳ ❚❤❡ ♠❡❛♥ ❧❡♥❣t❤ ♦❢ ❛ st♦r② ✐s ✹✳✼✾ ❤♦✉rs ❛♥❞ ♦✉r ♠❡❞✐❛♥ st♦r②
✐s ♣❛rt ♦❢ ❛ ❝❧✉st❡r ✇❤✐❝❤ ❝♦♥t❛✐♥s ♦♥❧② ♦♥❡ ❛rt✐❝❧❡ ❛♥❞ ❤❡♥❝❡ ✐s ♦❢ ❧❡♥❣t❤ ③❡r♦✳✷✷ ❚❤❡ ❧♦♥❣❡st
st♦r② ✐♥ ♦✉r ❝❧✉st❡r ❧❛sts ❢♦r ✽✺ ❞❛②s✳
❙✐♥❝❡ ♦✉r ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ❤❛✈❡ ❛ s❦❡✇❡❞ ❞✐str✐❜✉t✐♦♥✱ ✇❡ ✉s❡ t❤❡ ✐♥✈❡rs❡ ❤②♣❡r❜♦❧✐❝ s✐♥❡
tr❛♥s❢♦r♠❛t✐♦♥ ❝♦♠♠♦♥❧② ✉t✐❧✐③❡❞ ✐♥ st✉❞✐❡s ♦❢ ✐♥❝♦♠❡ ❛♥❞ ✇❡❛❧t❤✳✷✸ ▼♦r❡♦✈❡r✱ s✐♥❝❡ t❤❡ ♠❡❞✐❛♥
st♦r② ❤❛s ♦♥❡ ❛rt✐❝❧❡ ♦r ✐s ♦❢ ❧❡♥❣t❤ ③❡r♦✱ ✇❡ ✉s❡ ❚♦❜✐t ♠♦❞❡❧s ✭❜❡s✐❞❡s ❛ t✇♦ st❛❣❡ ❧❡❛st sq✉❛r❡s
❛♣♣r♦❛❝❤✮ ✇❤✐❝❤ ❡①♣❧✐❝✐t❧② t❛❦❡s t❤✐s ♠❛ss ♣♦✐♥t ✐♥ t❤❡ ❞❛t❛ ✐♥t♦ ❛❝❝♦✉♥t✳
✹✳✸✳✷ ❊①♣❧❛♥❛t♦r② ❱❛r✐❛❜❧❡s ♦❢ ■♥t❡r❡st
▼❡❛s✉r❡s ♦❢ P♦♣✉❧❛r✐t②✿ ❋♦r ❡❛❝❤ ❛rt✐❝❧❡ ✇✐t❤✐♥ ❛ st♦r②✱ ✇❡ ❤❛✈❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛❣❡ ✈✐❡✇s
t❤❛t ✐t ❛❝❝✉♠✉❧❛t❡❞ ♦✈❡r ❛ t❤✐rt② ❞❛② ♣❡r✐♦❞✳ ❚❤❡ ♠❡❛♥ ♥✉♠❜❡r ♦❢ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② ❛♥ ❛rt✐❝❧❡
✐s ❥✉st ♦✈❡r ✷✶✼✳✾ ✇✐t❤ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✻✾✺✳✸✽✳ ❚♦ ❛❝❝♦✉♥t ❢♦r t❤❡ s❦❡✇❡❞ ❞✐str✐❜✉t✐♦♥
✇❡ t❛❦❡ t❤❡ ❧♦❣❛r✐t❤♠✐❝ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ❛rt✐❝❧❡✳
❖♥❡ ♠✉st ❦❡❡♣ ✐♥ ♠✐♥❞ t❤❛t ❝❧✐❝❦s ♦❢ ❛♥ ♦♥❧✐♥❡ ♥❡✇s ❛rt✐❝❧❡✱ ✐♥ ❣❡♥❡r❛❧✱ ♣❡❛❦ q✉✐❝❦❧② ❛❢t❡r ✐ts
♣✉❜❧✐❝❛t✐♦♥✳ ❆s ❛♥ ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r t❤❡ ♥✉♠❜❡r ♦❢ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ♠♦st ♣♦♣✉❧❛r ❛rt✐❝❧❡ ♦❢
✷✷❖♥❡ ❝❛♥ t❤✐♥❦ ♦❢ ③❡r♦ ❧❡♥❣t❤ t♦ ❜❡ ♠❡❛s✉r❡❞ ✇✐t❤ s♦♠❡ ❡rr♦r s✐♥❝❡ ✇❡ ❞♦ ♥♦t ♦❜s❡r✈❡ ❢♦r ❤♦✇ ❧♦♥❣ t❤❡ ❛rt✐❝❧❡
st❛②❡❞ ♦♥ t❤❡ ♦♥❧✐♥❡ ♣❛❣❡✳ ❚❤✐s ✐♥t❡r♣r❡t❛t✐♦♥ ✇✐❧❧ ❛❧s♦ ❛❧❧❡✈✐❛t❡ ❝♦♥❝❡r♥s ❛❜♦✉t ❛ ✷s❧s ♠♦❞❡❧ ♥♦t ❜❡✐♥❣ ❛♣♣r♦♣r✐❛t❡
s✐♥❝❡ t❤❡r❡ ✐s ❛ ♠❛ss ♣♦✐♥t ❛t ③❡r♦✳ ❋♦st❡r ❛♥❞ ❑❛❧❡♥❦♦s❦✐ ✭✷✵✶✸✮ s❤♦✇ t❤❛t ❖▲❙ ♣❡r❢♦r♠s ❜❡tt❡r t❤❛♥ ❚♦❜✐t
✇❤❡♥ t❤❡ ♠❛ss ♣♦✐♥t ✐s ❞✉❡ t♦ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✳ ❚♦ ❛❝❝♦✉♥t ❢♦r t❤❡ s✐③❛❜❧❡ ♥✉♠❜❡r ♦❢ ③❡r♦ ❞✉r❛t✐♦♥s ❛♥❞ t❤❡
r❡s✉❧t✐♥❣ s❦❡✇❡❞ ❞✐str✐❜✉t✐♦♥✱ ✇❡ ✉s❡ t❤❡ ✐♥✈❡rs❡ ❤②♣❡r❜♦❧✐❝ s✐♥❡ tr❛♥s❢♦r♠❛t✐♦♥ t♦ t❤❡ st♦r② ❧❡♥❣t❤✳
✷✸❙❡❡ P❡♥❝❡ ✭✷✵✵✻✮ ❢♦r ♠♦r❡ ♦♥ t❤✐s✳ ❲❡ t❡st❡❞ ❛ ♥✉♠❜❡r ♦❢ r♦❜✉st♥❡ss ❝❤❡❝❦s ✐♥ ❙❡❝t✐♦♥ ✾ t♦ ❡♥s✉r❡ t❤❛t ♦✉r
r❡s✉❧ts ❛r❡ ♥♦t ❞r✐✈❡♥ ❜② ♦✉t❧✐❡rs✳
✶✸
❆✉❣✉st ✷✵✶✷ ❛❜♦✉t ■♥❞✐❛♥ ✇r❡st❧❡r ❙✉s❤✐❧ ❑✉♠❛r ♠❛❦✐♥❣ ✐t t♦ t❤❡ ✇r❡st❧✐♥❣ ✜♥❛❧ ♦❢ t❤❡ ▲♦♥❞♦♥
❖❧②♠♣✐❝s ✜rst ♣✉❜❧✐s❤❡❞ ♦♥ t❤❡ ✶✷t❤ ♦❢ ❆✉❣✉st ❛t ✽✿✷✻ ♣♠✳ ■t r❡❝❡✐✈❡❞ ✶✻✱✼✺✼ ✈✐❡✇s ♦♥ t❤❡ s❛♠❡
❞❛② ♦✉t ♦❢ ❛ t♦t❛❧ ♦❢ ✶✻✱✾✺✸ r❡❝❡✐✈❡❞ ♦✈❡r ❛ t❤✐rt② ❞❛② ♣❡r✐♦❞ ✇❤✐❝❤ ❛♠♦✉♥ts t♦ ✾✾✪ ♦❢ t❤❡ t♦t❛❧
✈✐❡✇s✳✷✹ ❚♦ r❡❞✉❝❡ t❤❡ ❜✉r❞❡♥ ♦❢ ❞❛t❛ ❡①tr❛❝t✐♦♥ ❢♦r t❤❡ ♥❡✇s♣❛♣❡r✱ ✇❡ ❛❝q✉✐r❡ ❛♥❞ ✉s❡ ❞❛t❛ ♦♥
t❤❡ t❤✐rt②✲❞❛② ♣❛❣❡ ✈✐❡✇s ❛s ❛♥ ❛♣♣r♦①✐♠❛t✐♦♥ t♦ t❤❡ ✜rst ❞❛② ♣❛❣❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② ❛♥ ❛rt✐❝❧❡✳
✷✺ ✷✻
❖t❤❡r ❈♦♥tr♦❧ ❱❛r✐❛❜❧❡s✿
❲❡ ❛❧s♦ ✉s❡ ❛rt✐❝❧❡ ❧❡✈❡❧ ❝❤❛r❛❝t❡r✐st✐❝s ❛s ❝♦♥tr♦❧s s✐♥❝❡ t❤❡s❡ ❝♦✉❧❞ ✐♥✢✉❡♥❝❡ t❤❡ ❝❧✐❝❦✐♥❣ ❞❡❝✐s✐♦♥✳
❚♦ ❝♦♥tr♦❧ ❢♦r t❤❡ s❛❧✐❡♥❝❡ ♦❢ ❛♥ ❛rt✐❝❧❡✬s ❧✐♥❦✱ ✜rst ✇❡ ❝♦♥tr♦❧ ❢♦r t❤❡ ❧❡♥❣t❤ ✭✐✳❡✳✱ t❤❡ ♥✉♠❜❡r
♦❢ ❝❤❛r❛❝t❡rs✮ ♦❢ ✐ts ❤❡❛❞❧✐♥❡✳ ❆♥ ❛rt✐❝❧❡ ❤❡❛❞❧✐♥❡✱ ♦♥ ❛✈❡r❛❣❡✱ ❤❛s ✹✹✳✶ ❝❤❛r❛❝t❡rs✳ ❙❡❝♦♥❞✱ ✇❡
❝♦♥tr♦❧ ❢♦r ✇❤❡t❤❡r ❛♥ ❛rt✐❝❧❡ ❤❛s ❛♥ ✐♠❛❣❡ ♦r ♥♦t✱ ✇❤✐❝❤ ❝❛♥ ❤❡❧♣ ❞r❛✇ ❛tt❡♥t✐♦♥ t♦ t❤❡ ❛rt✐❝❧❡✳
❚❤✐r❞✱ ✇❡ ❝r❡❛t❡ ❛ ✈❛r✐❛❜❧❡ ✇❤✐❝❤ ❛✐♠s t♦ ❝♦♥tr♦❧ ❢♦r t❤❡ s❡❝t✐♦♥ ♦❢ t❤❡ ♥❡✇s♣❛♣❡r ✐♥ ✇❤✐❝❤ t❤❡
❛rt✐❝❧❡ ❛♣♣❡❛r❡❞✳ ❲❡ ✉s❡ t❤❡ st♦r② ❵t❛❣s✬ ❧✐st❡❞ ❛t t❤❡ ❜♦tt♦♠ ♦❢ ❡❛❝❤ ❛rt✐❝❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡
s❡❝t✐♦♥ t♦ ✇❤✐❝❤ ❛♥ ❛rt✐❝❧❡ ❜❡❧♦♥❣s t♦✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ ♥❛t✐♦♥❛❧ ♥❡✇s ❛rt✐❝❧❡ ✐s ❣❡♥❡r❛❧❧② t❛❣❣❡❞
✇✐t❤ ❵♥❛t✐♦♥✲♥❡✇s✬✱ ❛♥❞ ❛rt✐❝❧❡s ✇✐t❤ s✉❝❤ t❛❣s ❛r❡ ❝❧❛ss✐✜❡❞ ❛s ❜❡✐♥❣ ♣❛rt ♦❢ t❤❡ ♥❛t✐♦♥❛❧ ♥❡✇s
s❡❝t✐♦♥✳ ■♥ ❛ s✐♠✐❧❛r ❢❛s❤✐♦♥✱ ✇❡ ❝r❡❛t❡ s❡❝t✐♦♥ ❝❧❛ss✐✜❝❛t✐♦♥s ♦♥ ✇♦r❧❞✲♥❡✇s✱ ❜✉s✐♥❡ss✱ s♣♦rts ❛♥❞
❡♥t❡rt❛✐♥♠❡♥t ♥❡✇s ✇❤❡r❡ ✇❡ ❤❛✈❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❛❣s✳ ❯♥❢♦rt✉♥❛t❡❧② s❡❝t✐♦♥ t❛❣s ❡①✐st ♦♥❧②
❢♦r ❛ s✉❜s❡t ♦❢ ❛rt✐❝❧❡s ✐♥ t❤❡ ❞❛t❛s❡t✳ ❚♦ ❞❡t❡r♠✐♥❡ t❤❡ s❡❝t✐♦♥ t❤❡ ✉♥❧❛❜❡❧❡❞ ❛rt✐❝❧❡s ❜❡❧♦♥❣
t♦✱ ✇❡ ✉s❡ ❛♥♦t❤❡r ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ♠❡t❤♦❞ ❝❛❧❧❡❞ t❤❡ ◆❛✐✈❡ ❇❛②❡s ❈❧❛ss✐✜❡r✳ ❚❤❡ ♠❡t❤♦❞ ✉s❡s
t❤❡ t❛❣s ❛♥❞ t❤❡ t❡①t ♦❢ ❡❛❝❤ ❛rt✐❝❧❡ ❢♦r ✇❤✐❝❤ ✇❡ ❤❛✈❡ t❤❡ t❛❣❣✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ❣✐✈❡s t❤❡
♠♦st ❧✐❦❡❧② s❡❝t✐♦♥ ❝❧❛ss✐✜❝❛t✐♦♥ ❢♦r ❡❛❝❤ ❛rt✐❝❧❡ t❤❛t ❞♦❡s ♥♦t ❤❛✈❡ t❤❡ t❛❣s ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡
❞❛t❛s❡t✳✷✼
❋♦✉rt❤✱ t❤❡ ✇♦r❞ ❝♦✉♥t ♦❢ ❛♥ ❛rt✐❝❧❡ ✐s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❛s ✐t ♠❛② ✐♥❞✐r❡❝t❧② ❝❛♣t✉r❡ t❤❡
r❡s♦✉r❝❡s ♣✉t ✐♥t♦ ✇r✐t✐♥❣ ✐t ❜② t❤❡ ♥❡✇s♣❛♣❡r✳ ❋✐♥❛❧❧②✱ ✇❡ ✉s❡ ❛♥ ✐♥❞✐❝❛t♦r ❢♦r ✇❤❡t❤❡r ❛♥
❛rt✐❝❧❡ ✇❛s s♦✉r❝❡❞ ❢r♦♠ ♥❡✇s ❛❣❡♥❝✐❡s s✉❝❤ ❛s t❤❡ Pr❡ss ❚r✉st ♦❢ ■♥❞✐❛ ✭P❚■✮✱ ✇❤✐❝❤ ❞♦ ♥♦t
✷✹❚❤❡ ❤❡❛❞❧✐♥❡ ♦❢ t❤❡ ❛rt✐❝❧❡ r❡❛❞ ✏❙✉s❤✐❧ ❑✉♠❛r s❝r✐♣ts ❤✐st♦r② ❛t ❖❧②♠♣✐❝s ❢♦r ■♥❞✐❛✱ ✇✐♥s ❙✐❧✈❡r✳✑
✷✺■♥ ❛ ❞✐✛❡r❡♥t ❡①❛♠♣❧❡✱ ❛♥ ❛rt✐❝❧❡ ♦♥ t❤❡ Pr❡s✐❞❡♥t✐❛❧ ❡❧❡❝t✐♦♥s ✐♥ ■♥❞✐❛ ✇❛s ✜rst ♣✉❜❧✐s❤❡❞ ♦♥ ❏✉♥❡ ✶✽th ❛t
✼✿✶✹ ♣♠✳ ■t r❡❝❡✐✈❡❞ ✶✵✱✻✺✹ ✈✐❡✇s ♦♥ t❤❡ ✜rst ❞❛②✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ✶✵✱✽✷✾ t♦t❛❧ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ♦✈❡r ❛ t❤✐rt② ❞❛②
♣❡r✐♦❞✱ t❤✐s ❛♠♦✉♥ts t♦ ❛❜♦✉t ✾✾✪ ♦❢ t❤❡ t♦t❛❧ ✈✐❡✇s✳ ❚❤❡ ❤❡❛❞❧✐♥❡ ♦❢ t❤❡ ❛rt✐❝❧❡ ✇❛s ✏Pr❡s✐❞❡♥t✐❛❧ ♣♦❧❧✿ ❑❛❧❛♠
r❡❜✉✛s ▼❛♠❛t❛✱ ❆❞✈❛♥✐ s❛②s ✇✐❧❧ ♥♦t ❝♦♥t❡st ❛❣❛✐♥st ▼✉❦❤❡r❥❡❡✑✳ ▼♦r❡♦✈❡r✱ ✇❡ r❛♥❞♦♠❧② s❛♠♣❧❡❞ ❛ s✉❜s❡t ♦❢
t❤❡ ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞ ❛♥❞ ✜♥❞ t❤❛t ✐♥ ❡✈❡r② ♠♦♥t❤✱ ♦♥ ❛✈❡r❛❣❡ ❛❜♦✉t ✾✺✪ ♦❢ ❝❧✐❝❦s ❝♦♠❡ ✇✐t❤✐♥ t❤❡ ✜rst ❢❡✇
❤♦✉rs ♦❢ ❜❡✐♥❣ ♣✉❜❧✐s❤❡❞✳
✷✻❆s ♣❛rt ♦❢ t❤❡ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ♣r♦❝❡ss✱ ❛ ✻✲✽ ✇❡❡❦ t✐♠❡ ♣❡r✐♦❞ ✇❛s s♣❡♥t ✐♥ t❤❡ ♥❡✇s ♦r❣❛♥✐③❛t✐♦♥✳ ❉✉r✐♥❣
t❤✐s ♣❡r✐♦❞✱ ✐t ✇❛s ♦❜s❡r✈❡❞ t❤❛t t❤❡ ♦♥❧✐♥❡ t❡❛♠ ❢♦❝✉s❡❞ s♦❧❡❧② ♦♥ t❤❡ ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞ ♦♥ t❤❡ s❛♠❡ ❞❛② ❛♥❞ t❤❡
♥✉♠❜❡r ♦❢ ✈✐❡✇s t❤❛t t❤❡② r❡❝❡✐✈❡✳
✷✼❋♦r ♠♦r❡ ♦♥ t❤❡ ♠❡t❤♦❞♦❧♦❣② ❜❡❤✐♥❞ t❤❡ ◆❛✐✈❡ ❇❛②❡s ❈❧❛ss✐✜❡r s❡❡ ▼✐t❝❤❡❧❧ ✭✷✵✶✺✮✳
✶✹
❤❛✈❡ ♣r♦✜t ❝♦♥❝❡r♥s ✐♥ t❤❡✐r r❡♣♦rt✐♥❣ ❞❡❝✐s✐♦♥s✳ ❚❤❡ s♦✉r❝❡ ♦❢ ❛ st♦r② ❝❛♥ ✐♥✢✉❡♥❝❡ ✐ts ❝♦st ❛♥❞
r❡❧❡✈❛♥❝❡ t♦ t❤❡ ♥❡✇s♣❛♣❡r✳
✺ ■❞❡♥t✐✜❝❛t✐♦♥ ❛♥❞ ❊st✐♠❛t✐♦♥
■t ✐s ❤❛r❞ t♦ ❡st❛❜❧✐s❤ t❤❡ ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢ r❡❛❞❡r ❞❡♠❛♥❞ ♦♥ ❡❞✐t♦r✐❛❧ ❜❡❤❛✈✐♦r ❞✉❡ t♦ t❤❡ ❝♦♥✲
❝❡r♥s ♦❢ ✉♥♦❜s❡r✈❡❞ ❤❡t❡r♦❣❡♥❡✐t②✱ r❡✈❡rs❡ ❝❛✉s❛❧✐t②✱ ❛♥❞ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✳ ❲❡ ❛r❡ ❝♦♥❝❡r♥❡❞
❛❜♦✉t r❡✈❡rs❡ ❝❛✉s❛❧✐t② s✐♥❝❡ ❡①t❡♥❞❡❞ ❝♦✈❡r❛❣❡ ♦❢ ❛ st♦r② ♠✐❣❤t ✐ts❡❧❢ ❣❡♥❡r❛t❡ ❣r❡❛t❡r ✐♥t❡r✲
❡st ❛♥❞ ❤❡♥❝❡ ♣❛❣❡ ✈✐❡✇s✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜✐❛s ♦✉r ❡st✐♠❛t❡s✳ ❚♦ ❞❡❛❧ ✇✐t❤ t❤✐s ✐ss✉❡✱ ✇❡ ✉s❡ t❤❡
♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ ❛ st♦r② ❛s t❤❡ ❦❡② ♣r❡❞✐❝t♦r ♦❢ ❡❞✐t♦r✐❛❧ ❝♦✈❡r✲
❛❣❡✳ ❯♥♦❜s❡r✈❡❞ ❤❡t❡r♦❣❡♥❡✐t② ✐s ❛❧s♦ ❛ ❝♦♥❝❡r♥ ❜❡❝❛✉s❡ s♦♠❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ st♦r✐❡s ✭s✉❝❤ ❛s
❵♥❡✇s✇♦rt❤✐♥❡ss✬✮ ♦r ♣r❡❢❡r❡♥❝❡s ♦❢ ❡❞✐t♦rs ❛r❡ ✉♥♦❜s❡r✈❛❜❧❡ t♦ t❤❡ ❡❝♦♥♦♠❡tr✐❝✐❛♥ ✇❤✐❝❤ ✇♦✉❧❞
❜✐❛s t❤❡ ❡st✐♠❛t❡s✳ ❈♦♥s✐❞❡r ❛ st♦r② ❛❜♦✉t t❤❡ ❊❜♦❧❛ ✈✐r✉s ♦✉t❜r❡❛❦ ✐♥ ✷✵✶✹✳ ■t ♠❛② r❡❝❡✐✈❡
❣r❡❛t❡r ❝♦✈❡r❛❣❡ ❛♥❞ ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ❜❡❝❛✉s❡ ✐t ✐s ❝♦♥s✐❞❡r❡❞ ❵✐♠♣♦rt❛♥t✬ ❜② ❜♦t❤ t❤❡ ❡❞✐t♦r ❛♥❞
t❤❡ r❡❛❞❡rs✳ ■t ✐s ❡①❛❝t❧② t❤✐s st♦r② ❧❡✈❡❧ ❵✐♠♣♦rt❛♥❝❡✬ ✭♦r ♦t❤❡r ❝❤❛r❛❝t❡r✐st✐❝s✮✱ ♣❡r❝❡✐✈❡❞ ❡✐t❤❡r
♦♥ t❤❡ s✐❞❡ ♦❢ t❤❡ r❡❛❞❡rs ♦r ❡❞✐t♦rs✱ ✇❤✐❝❤ ✐s ✉♥♦❜s❡r✈❛❜❧❡ t♦ t❤❡ ❡❝♦♥♦♠❡tr✐❝✐❛♥✳ ▼♦r❡♦✈❡r✱
s✐♥❝❡ ✇❡ ✉s❡ ❛♥ ❛❣❣r❡❣❛t❡ ♠❡❛s✉r❡ t♦ ♣r♦①② ❢♦r t❤❡ r❡❛❧ t✐♠❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② ❛♥ ❛rt✐❝❧❡✱ t❤❡r❡
❝♦✉❧❞ ❜❡ ✐ss✉❡s ♦❢ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✳ ❚♦ ❛✈♦✐❞ ✉♥♦❜s❡r✈❡❞ ❤❡t❡r♦❣❡♥❡✐t② ❛♥❞ ♠❡❛s✉r❡♠❡♥t ❡rr♦r
❛rt✐❢❛❝ts✱ ✇❡ ✐♥str✉♠❡♥t ❢♦r t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ ❡❛❝❤ st♦r②✳ ❲❡ ✉s❡ t✇♦ ✐♥✲
str✉♠❡♥ts ✇❤✐❝❤ ♣r♦✈✐❞❡ ❛♥ ❡①♦❣❡♥♦✉s s❤♦❝❦ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ✜rst ❛rt✐❝❧❡
♦❢ ❡❛❝❤ st♦r②✳
❘❛✐♥❢❛❧❧✿ ❚❤❡ ✜rst ✐♥str✉♠❡♥t ✇❡ ✉s❡ ✐s r❛✐♥❢❛❧❧✱ r❡❧②✐♥❣ ♦♥ t❤❡ s✐♠♣❧❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t ✇❤❡♥
✐t ✐s r❛✐♥✐♥❣✱ ♣❡♦♣❧❡ ❛r❡ ❧❡ss ❧✐❦❡❧② t♦ s♣❡♥❞ t✐♠❡ ♦✉t❞♦♦rs✳ ❲❡ ❡①♣❡❝t t❤❛t s♣❡♥❞✐♥❣ ♠♦r❡ t✐♠❡
✐♥❞♦♦rs ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❜❡✐♥❣ ♠♦r❡ ❧✐❦❡❧② t♦ ❣♦ ♦♥❧✐♥❡ ❛♥❞ ✈✐s✐t t❤❡ ♥❡✇s ✇❡❜s✐t❡✳
❲❡ ✉s❡ ❞❛✐❧② ❞❛t❛ ♦♥ r❛✐♥❢❛❧❧ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❈❊■❈ ❞❛t❛❜❛s❡✳ ❲❡ ✉s❡ t❤❡ ❞❛②s ♦❢ t❤❡ ②❡❛r ✇❤❡♥
✐t r❛✐♥❡❞ ✐♥ ❉❡❧❤✐ ❛♥❞ ▼✉♠❜❛✐✳ ❆❧t❤♦✉❣❤ ✇❡ ❞♦ ♥♦t ❤❛✈❡ ❛ ❣❡♦❣r❛♣❤✐❝❛❧ ❜r❡❛❦❞♦✇♥ ♦❢ ✇❤❡r❡
t❤❡ r❡❛❞❡rs ❛r❡ ❝♦♠✐♥❣ ❢r♦♠ ❢♦r ❡❛❝❤ ❛rt✐❝❧❡✱ ✇❡ ❤❛✈❡ s✉♠♠❛r② st❛t✐st✐❝s ♦♥ t❤❡ ❣❡♦❣r❛♣❤✐❝❛❧
❞✐str✐❜✉t✐♦♥ ♦❢ ❝❧✐❝❦s ❢♦r ✹✪ ♦❢ t❤❡ s❛♠♣❧❡✳ ❚❤❡s❡ t✇♦ ❝✐t✐❡s ❝♦♥s✐st❡♥t❧② r❛♥❦ ✐♥ t❤❡ t♦♣ t✇♦ ✐♥
t❡r♠s ♦❢ t♦t❛❧ ✈✐❡✇s ♦♥ t❤❡ ✇❡❜s✐t❡✷✽✳ ❖✉r ✐♥str✉♠❡♥t t❛❦❡s t❤❡ ✈❛❧✉❡ ✶ ✐❢ ❛ ♣❛rt✐❝✉❧❛r ❞❛② s❛✇
✷✽❚❤❡s❡ t✇♦ ❝✐t✐❡s ❛❝❝♦✉♥t ❢♦r ✉♣ t♦ ✺✵✲✻✵✪ ♦❢ t❤❡ ❞❛✐❧② ❝❧✐❝❦s ❝♦♠✐♥❣ ❢r♦♠ t❤❡ t♦♣ ✜❢t❡❡♥ ❝✐t✐❡s ❢♦r t❤❡
♥❡✇s♣❛♣❡r✳
✶✺
♣♦s✐t✐✈❡ r❛✐♥❢❛❧❧ ✐♥ ❡✐t❤❡r ❉❡❧❤✐ ♦r ▼✉♠❜❛✐ ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡✳ ❚❤❡r❡ ❛r❡ ❛ t♦t❛❧ ♦❢ ✶✸✷ ❞❛②s ❢♦r
✇❤✐❝❤ ✇❡ s❡❡ ❡✐t❤❡r ♦❢ t❤❡s❡ ❝✐t✐❡s ❡①♣❡r✐❡♥❝✐♥❣ r❛✐♥❢❛❧❧✳
P♦✇❡r ❖✉t❛❣❡s✿ ❚♦ ❝♦♥str✉❝t ♦✉r s❡❝♦♥❞ ✐♥str✉♠❡♥t✱ ✇❡ ❝♦♥s✐❞❡r ♣♦✇❡r ♦✉t❛❣❡s ❞✉r✐♥❣ ❛ ❞❛②✳
❙✐♥❝❡ ♣♦✇❡r ♦✉t❛❣❡s r❡str✐❝t ❛❝❝❡ss t♦ t❤❡ ✐♥t❡r♥❡t ❛♥❞ r❡❞✉❝❡ t❤❡ ❝❧✐❝❦s ♦♥ ❛♥② ✇❡❜s✐t❡s✱ ✇❡
❡①♣❡❝t t❤❡♠ t♦ ❜❡ ♥❡❣❛t✐✈❡❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ✈✐❡✇s t❤❛t ❛♥ ❛rt✐❝❧❡ r❡❝❡✐✈❡s✳ ❲❡ ✉s❡ ♣✉❜❧✐❝❧②
❛✈❛✐❧❛❜❧❡ ❞❛t❛ ♦♥ ❞❛✐❧② ♣♦✇❡r ♦✉t❛❣❡s ❢r♦♠ t❤❡ ◆♦rt❤❡r♥ ❘❡❣✐♦♥❛❧ ▲♦❛❞ ❉✐s♣❛t❝❤ ❈❡♥tr❡ ❛♥❞
❲❡st❡r♥ ❘❡❣✐♦♥❛❧ ▲♦❛❞ ❉✐s♣❛t❝❤ ❈❡♥tr❡ ✇❡❜s✐t❡s ✇❤✐❝❤ ❛r❡ s✉❜s✐❞✐❛r✐❡s ♦❢ t❤❡ ▼✐♥✐str② ♦❢ P♦✇❡r
♦❢ t❤❡ ●♦✈❡r♥♠❡♥t ♦❢ ■♥❞✐❛✷✾✳ ❖✉r ♣♦✇❡r ♦✉t❛❣❡ ✐♥str✉♠❡♥t ✐s ❡q✉❛❧ t♦ t❤❡ s✉♠ ♦❢ t❤❡ ❞❛✐❧②
♣♦✇❡r s❤♦rt❛❣❡ r❡❝♦r❞❡❞ ✐♥ ❉❡❧❤✐ ❛♥❞ ▼❛❤❛r❛s❤tr❛ ✭t❤❡ st❛t❡ ✇❤✐❝❤ ▼✉♠❜❛✐ ✐s ♣❛rt ♦❢✮✸✵✳ ❉✉r✐♥❣
t❤❡ ②❡❛r ✷✵✶✷✱ ♦♥ ❛✈❡r❛❣❡ t❤❡r❡ ✇❛s ❛ ❞❛✐❧② ♣♦✇❡r s❤♦rt❛❣❡ ♦❢ ✷✹✳✻✶ ♠✐❧❧✐♦♥ ❦❲❤ ❛❝r♦ss ❉❡❧❤✐
❛♥❞ ▼❛❤❛r❛s❤tr❛ ✇❤✐❝❤ ❛♠♦✉♥ts t♦ ✺✪ ♦❢ t❤❡ ❞❛✐❧② ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✸✶✳
❋♦r ♣♦✇❡r ♦✉t❛❣❡ ❛♥❞ r❛✐♥❢❛❧❧ t♦ ❜❡ ✈❛❧✐❞ ✐♥str✉♠❡♥ts ✇❡ ♥❡❡❞ ❛ s✉✣❝✐❡♥t❧② str♦♥❣ ✜rst st❛❣❡
r❡❧❛t✐♦♥s❤✐♣✱ ✇❤✐❝❤ ✇❡ ❡st✐♠❛t❡ ✉s✐♥❣ ❖▲❙✿
log(viewsit1) = µ1 + µ2log(outagesit1) + µ3rainit1 +X
′
it1
µ4 + ϑit1 ✭✶✵✮
✇❤❡r❡ ϑi1 ∽ N(ϑ̄, σ
2
ϑ)✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤✐s s♣❡❝✐✜❝❛t✐♦♥ ❧♦♦❦s ❛t t❤❡ ✐♠♣❛❝t ♦❢ ♣♦✇❡r ♦✉t❛❣❡s ❛♥❞
r❛✐♥❢❛❧❧ ♦♥ t❤❡ ♣❛❣❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ✜rst ❛rt✐❝❧❡ ✭t1✮ ♦❢ st♦r② i ♦♥ t❤❡ ❞❛② t❤❡ ❛rt✐❝❧❡ ✇❛s
♣✉❜❧✐s❤❡❞ ♦♥❧✐♥❡✳ ❲❡ ❡①♣❡❝t t❤❛t µ2 < 0 ❛♥❞ µ3 > 0✳ ❙✐♥❝❡ r❛✐♥❢❛❧❧ ✐s s❡❛s♦♥❛❧✱ ✇❡ ❛❞❞ ♠♦♥t❤
✜①❡❞ ❡✛❡❝ts✳ ❲❡ ✉s❡ t❤❡ ♣r❡❞✐❝t❡❞ ✈❛❧✉❡s ♦❢ t❤❡ ✈✐❡✇s ♦❢ t❤❡ ✜rst ❛rt✐❝❧❡ ❢♦r ❡❛❝❤ st♦r② i ❢r♦♠
❊q✉❛t✐♦♥ ✭✶✵✮ ❛♥❞ ❡st✐♠❛t❡ ✐ts ✐♠♣❛❝t ♦♥ t❤❡ t♦t❛❧ ❝♦✈❡r❛❣❡ ❣✐✈❡♥ t♦ st♦r② i ✭ci✮ ❜② ❡st✐♠❛t✐♥❣
❛ str✉❝t✉r❛❧ ❡q✉❛t✐♦♥✿
log(ci) = γ0 + γ1predicted(log(viewsit1)) +X
′
it1
γ2 + ǫit1 .
■❢ t❤❡ ♥❡✇s♣❛♣❡r ❞♦❡s r❡s♣♦♥❞ t♦ t❤❡ ❝❧✐❝❦s ❜② ❣✐✈✐♥❣ ♠♦r❡ ❝♦✈❡r❛❣❡ t♦ ❛ ♣❛rt✐❝✉❧❛r st♦r②✱ ✇❡
✇♦✉❧❞ ❡①♣❡❝t γ1 > 0✳ ❚❤❡ ✈❡❝t♦r X ❝♦♥s✐sts ♦❢ ❝♦♥tr♦❧s ✇❤✐❝❤ ✐♥❝❧✉❞❡ t❤❡ s❡❝t✐♦♥ t❤❡ ❛rt✐❝❧❡ ✇❛s
✷✾❙❡❡ ❤tt♣✿✴✴♥r❧❞❝✳✐♥✴ ❛♥❞ ❤tt♣✿✴✴✇r❧❞❝✳✐♥✴
✸✵❉❛✐❧② ♣♦✇❡r ♦✉t❛❣❡ ❞❛t❛ ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ❝✐t②✱ s✉❝❤ ❛s ▼✉♠❜❛✐✱ ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ✐❞❡❛❧ ❜✉t ✇❛s ♥♦t
❛✈❛✐❧❛❜❧❡✳ ❈♦♥s✉❧t✐♥❣ t❤❡ ▼✐♥✐str② ♦❢ P♦✇❡r ❛♥❞ ♣♦✇❡r ❣❡♥❡r❛t✐♥❣ st❛t✐♦♥s ♠❛❞❡ ✐t ❝❧❡❛r t❤❛t s✉❝❤ ✐♥❢♦r♠❛t✐♦♥ ✐s
♥♦t ❛✈❛✐❧❛❜❧❡✳
✸✶❆❢t❡r ❝♦♠❜✐♥✐♥❣ ❛❧❧ t❤❡ ❞❛t❛✱ ✇❡ ❤❛✈❡ ✶✷✽✱✻✾✾ ❛rt✐❝❧❡s ❝❧✉st❡r❡❞ ✐♥t♦ ❛ t♦t❛❧ ♦❢ ✻✵✱✻✽✾ st♦r✐❡s✱ s♣❛♥♥✐♥❣ ♦✈❡r
✸✷✺ ❞❛②s✳ ❲❡ ❧♦s❡ ❞❛t❛ ❢♦r s♦♠❡ ♦❢ t❤❡ ❞❛②s ❜❡❝❛✉s❡ ♦❢ ♠✐ss✐♥❣ ♣♦✇❡r ♦✉t❛❣❡ ❞❛t❛ ❢♦r ▼❛❤❛r❛s❤tr❛✳ ❚♦ ❡♥s✉r❡
t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r r❡s✉❧ts ♦♥ t❤❡ ✇❤♦❧❡ s❛♠♣❧❡✱ ✇❡ r❡✲r✉♥ ♦✉r ♠♦❞❡❧ ✉s✐♥❣ ♣♦✇❡r ♦✉t❛❣❡ ❞❛t❛ ❢♦r ❉❡❧❤✐ ❛❧♦♥❡✱
✇❤✐❝❤ ❣✐✈❡s ✉s ❛ t♦t❛❧ ♦❢ ✸✻✺ ❞❛②s t♦ ✜♥❞ s✐♠✐❧❛r r❡s✉❧ts✳ ❘❡s✉❧ts ❛r❡ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳
✶✻
s❧♦tt❡❞ ✐♥✱ t❤❡ ✇♦r❞ ❝♦✉♥t✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❤❡❛❞❧✐♥❡ ♦❢ t❤❡ ❛rt✐❝❧❡✱ t❤❡ s♦✉r❝❡ ♦❢ t❤❡ ❛rt✐❝❧❡✱
✇❤❡t❤❡r t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛♥ ✐♠❛❣❡ ♦r ♥♦t✱ ❛s ✇❡❧❧ ❛s ✇❡❡❦❡♥❞ ❛♥❞ ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts✳
❆♣❛rt ❢r♦♠ t❤❡ ✜rst st❛❣❡ r❡❧❛t✐♦♥s❤✐♣ str❡♥❣t❤✱ ✇❡ ♥❡❡❞ t❤❡ ❡①❝❧✉s✐♦♥ r❡str✐❝t✐♦♥ t♦ ❜❡ s❛t✐s✜❡❞✱
✐✳❡✳✱ corr(outages, ǫit1) ❛♥❞ corr(rain, ǫit1) = 0✳ ❚❤❡ ❢❛❝t t❤❛t ✇❡ ❤❛✈❡ t✇♦ ✐♥str✉♠❡♥ts ❛♥❞ ♦♥❡
❡♥❞♦❣❡♥♦✉s ✈❛r✐❛❜❧❡ ❛❧❧♦✇s ✉s t♦ ❡♠♣❧♦② ♦✈❡r✐❞❡♥t✐✜❝❛t✐♦♥ t❡sts t♦ t❡st t❤❡ ❝♦♠❜✐♥❡❞ ❡①♦❣❡♥❡✐t②
♦❢ t❤❡ ✐♥str✉♠❡♥ts✳
❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ❝❛rr② ♦✉t ❛ s❡t ♦❢ ♣❧❛❝❡❜♦ ❝❤❡❝❦s t♦ s❡❡ ✐❢ ❡❞✐t♦r✐❛❧ ♣♦❧✐❝② ❛❞❛♣ts t♦ ❝❤❛♥❣❡s
✐♥ r❡❛❞❡rs❤✐♣ ❞✉❡ t♦ r❛✐♥❢❛❧❧ ♦r ♣♦✇❡r s❤♦rt❛❣❡s✳ ❲❡ ❡①❛♠✐♥❡ ✇❤❡t❤❡r t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s
♣✉❜❧✐s❤❡❞ ♦♥ t❤❡s❡ ❞❛②s ✐s s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❛t ♦♥ ❛♥② ♦t❤❡r ❞❛②✳ ❲❡ ❛❧s♦ ❧♦♦❦ ❛t t❤❡
❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♦❜s❡r✈❛❜❧❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛rt✐❝❧❡s s✉❝❤ ❛s t❤❡ ✇♦r❞ ❝♦✉♥t✱ ✇❤❡t❤❡r ✐t
✇❛s s♦✉r❝❡❞ ❢r♦♠ t❤❡ P❚■ ❛♥❞ ❝❤❡❝❦ ✐❢ t❤❡② s②st❡♠❛t✐❝❛❧❧② ❞✐✛❡r ❞✉❡ t♦ r❛✐♥❢❛❧❧ ♦r ♣♦✇❡r ♦✉t❛❣❡s✳
✻ ❘❡s✉❧ts
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts st❛rt✐♥❣ ✇✐t❤ ❖▲❙ ❡st✐♠❛t❡s✳ ❲❡ t❤❡♥ ♠♦✈❡ t♦ t❤❡
■❱ r❡❣r❡ss✐♦♥s ❢♦❝✉s✐♥❣ ✜rst ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ✐♥str✉♠❡♥ts ❛♥❞ t❤❡♥ ♦♥ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡
✐♥str✉♠❡♥t❡❞ ♣♦♣✉❧❛r✐t② ✈❛r✐❛❜❧❡ ♦♥ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ st♦r②✳ ❆❧❧ s♣❡❝✐✜❝❛t✐♦♥s ✐♥❝❧✉❞❡ t❤❡ ✇♦r❞
❝♦✉♥t✱ ✇❤❡t❤❡r ✐t ✇❛s s♦✉r❝❡❞ ❢r♦♠ t❤❡ P❚■✱ ✇❤❡t❤❡r ✐t ❤❛❞ ❛♥ ✐♠❛❣❡✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❤❡❛❞❧✐♥❡
❛♥❞ ✇❡❡❦❡♥❞ ✜①❡❞ ❡✛❡❝ts ❛s ❝♦♥tr♦❧s✳ ❍✉❜❡r✲❲❤✐t❡ st❛♥❞❛r❞ ❡rr♦rs r♦❜✉st t♦ ❤❡t❡r♦s❦❡❞❛st✐❝✐t②
❛r❡ ✉s❡❞ ❛♥❞ r❡♣♦rt❡❞ ✐♥ t❤❡ ♣❛r❡♥t❤❡s✐s✳
✻✳✶ ❖▲❙ ❊st✐♠❛t❡s
❲❡ ✜rst ❡st✐♠❛t❡ ❛ ❜❛s✐❝ ❖▲❙ s♣❡❝✐✜❝❛t✐♦♥ ❜② r❡❣r❡ss✐♥❣ t❤❡ ♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡ ♦❢ ✐♥t❡r❡st ✭t❤❡
❞✉r❛t✐♦♥ ♦❢ t❤❡ st♦r②✱ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✇r✐tt❡♥ ❛s ♣❛rt ♦❢ t❤❡ st♦r②✮ ♦♥ t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞
❜② t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ t❤❡ st♦r②✿




❚❤❡ r❡s✉❧ts ✭r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✸✮ s❤♦✇ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ ✈✐❡✇s ❛r❡ ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡
❧❡♥❣t❤ ♦❢ ❛ st♦r②✳ ❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡ 1% ❧❡✈❡❧✱ ✇✐t❤ t❤❡ ❝♦❡✣❝✐❡♥t
✶✼
0.30✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ❛rt✐❝❧❡ ✇♦✉❧❞
❧❡❛❞ t♦ ❛ ❢♦✉r ❤♦✉r ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ st♦r②✳ ❚❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤✐s ❝♦❡✣❝✐❡♥t ✐s q✉✐t❡
st❛❜❧❡ ♦✈❡r ❞✐✛❡r❡♥t s♣❡❝✐✜❝❛t✐♦♥s✿ ❛❞❞✐♥❣ s❡❝t✐♦♥ ❝♦♥tr♦❧s ✭❣✐✈❡♥ ✐♥ ❝♦❧✉♠♥ ✭✷✮✮ ❛♥❞ ♠♦♥t❤ ✜①❡❞
❡✛❡❝ts ✭❣✐✈❡♥ ✐♥ ❝♦❧✉♠♥ ✭✸✮✮ ❞♦ ♥♦t ✐♠♣❛❝t t❤❡ ♠❛❣♥✐t✉❞❡✳
❲❡ ✜♥❞ s✐♠✐❧❛r r❡s✉❧ts ✇❤❡♥ t❤❡ ♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✇r✐tt❡♥ ❜② t❤❡
♥❡✇s♣❛♣❡r ✐♥ ❛ st♦r② ✭❝♦❧✉♠♥s ✭✹✮✲✭✻✮✮✳ ❆♥ ❖▲❙ r❡❣r❡ss✐♦♥ s❤♦✇s ❛ ♣♦s✐t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦❢ ✈✐❡✇s ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♦♥ ❛ st♦r②✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ✐s st❛❜❧❡
❛❝r♦ss ❞✐✛❡r❡♥t s♣❡❝✐✜❝❛t✐♦♥s ❡✈❡♥ ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ s❡❝t✐♦♥ ❝♦♥tr♦❧s ✭❝♦❧✉♠♥s ✭✺✮ ❛♥❞ ✭✻✮✮
❛♥❞ ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ✭❝♦❧✉♠♥s ✭✻✮✮✳ ❚❤❡s❡ ❡st✐♠❛t❡s ❣✐✈❡ ♣r❡❧✐♠✐♥❛r② ❞❡s❝r✐♣t✐✈❡ ❡✈✐❞❡♥❝❡
✇❤✐❝❤ ✐s ✐♥ ❧✐♥❡ ✇✐t❤ ♦✉r ✐♥t✉✐t✐♦♥✳
✻✳✷ ■♥str✉♠❡♥t❛❧ ❱❛r✐❛❜❧❡s ❊st✐♠❛t❡s
✻✳✷✳✶ ❋✐rst ❙t❛❣❡✿ ❍♦✇ P♦✇❡r ❖✉t❛❣❡s ❛♥❞ ❘❛✐♥② ❉❛②s ❆✛❡❝t ❈❧✐❝❦s
❲❡ ❝❛rr② ♦✉t t❤❡ ✜rst st❛❣❡ ❡st✐♠❛t✐♦♥s t♦ ❡✈❛❧✉❛t❡ t❤❡ ✈❛❧✐❞✐t② ♦❢ ♦✉r ✐♥str✉♠❡♥ts✿ r❛✐♥❢❛❧❧ ❛♥❞
♣♦✇❡r ♦✉t❛❣❡s✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ♦♥ ❜♦t❤ ✐♥str✉♠❡♥ts ❛r❡ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t 1% ❧❡✈❡❧ ✇✐t❤
t❤❡ ❡①♣❡❝t❡❞ s✐❣♥s ❛s s❡❡♥ ✐♥ ❚❛❜❧❡ ✹✳ ❲❡ ❝❛♥ s❡❡ t❤❛t ♦♥ ❛ r❛✐♥② ❞❛②✱ t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ ❛
st♦r② r❡❝❡✐✈❡s ❛ ✺✪✲✽✪ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ♦♥ ❛✈❡r❛❣❡✳ ❚❤❡ r❡s✉❧ts ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤
♦✉r ✐♥t✉✐t✐♦♥ t❤❛t ♦♥ ❞❛②s ✇✐t❤ r❛✐♥❢❛❧❧✱ ♣❡♦♣❧❡ ❛r❡ ♠♦r❡ ❧✐❦❡❧② t♦ ✈✐s✐t t❤❡ ♦♥❧✐♥❡ ♥❡✇s ♣❛❣❡
❛♥❞ ❛ ❣r❡❛t❡r ♥✉♠❜❡r ♦❢ ♣❛❣❡ ✈✐❡✇s ✇♦✉❧❞ ❜❡ r❡❝♦r❞❡❞✳ ❙✐♠✐❧❛r❧②✱ ♣♦✇❡r ♦✉t❛❣❡s ❛r❡ ♥❡❣❛t✐✈❡❧②
r❡❧❛t❡❞ t♦ t❤❡ ❞❛✐❧② ✈✐❡✇s ✐♠♣❧②✐♥❣ t❤❛t ✇❤❡♥ ♣❡♦♣❧❡ ❡①♣❡r✐❡♥❝❡ ♣♦✇❡r s❤♦rt❛❣❡s t❤❡♥ t❤❡② ❛r❡
✉♥❛❜❧❡ t♦ ❝❤❡❝❦ t❤❡ ♥❡✇s ❛s ♦❢t❡♥✳ ❚❤❡ ✐♥str✉♠❡♥ts r❡♠❛✐♥ r♦❜✉st t♦ ❛❞❞✐t✐♦♥ ♦❢ ❝♦♥tr♦❧s s✉❝❤ ❛s
s❡❝t✐♦♥ ✜①❡❞ ❡✛❡❝ts ✭❝♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮✮ ❛♥❞ ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ✭❝♦❧✉♠♥ ✭✸✮✮✳ ❚❤❡ ❋✲st❛t✐st✐❝
♠❡❛s✉r✐♥❣ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ✐♥str✉♠❡♥ts ✐s ❣r❡❛t❡r t❤❛♥ ✶✵ ❢♦r ❡✈❡r② s♣❡❝✐✜❝❛t✐♦♥ ✐♠♣❧②✐♥❣ t❤❛t
t❤❡② s❛t✐s❢② t❤❡ r✉❧❡ ♦❢ t❤✉♠❜ ❢♦r t❤❡ ✐♥str✉♠❡♥ts t♦ ♥♦t ❜❡ ✇❡❛❦✸✷✳
■❞❡♥t✐✜❝❛t✐♦♥ r❡q✉✐r❡s t❤❛t r❛✐♥❢❛❧❧ ❛♥❞ ♣♦✇❡r s❤♦rt❛❣❡s s❤♦✉❧❞ ❜❡ ❛s ✐❢ r❛♥❞♦♠❧② ❛ss✐❣♥❡❞✳ ❚❤✐s
♠❡❛♥s t❤❛t ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❤❡s❡ ❡✈❡♥ts✱ t❤❡ st♦r✐❡s ♣✉❜❧✐s❤❡❞ ♦♥ t❤❡s❡ ❞❛②s ✇♦✉❧❞ ❢❛r❡ t❤❡
s❛♠❡ ❛s st♦r✐❡s ♣✉❜❧✐s❤❡❞ ♦♥ ❛♥② ♦t❤❡r ❞❛②✳ ❚❤✐s ❝❛♥ ❜❡ ❝❤❛❧❧❡♥❣❡❞ ♦♥ t❤❡ ❣r♦✉♥❞s t❤❛t ❡✈❡♥
t❤♦✉❣❤ ❡❧❡❝tr✐❝✐t② s❤♦rt❛❣❡s ❛♥❞ r❛✐♥❢❛❧❧ ❛r❡ ❞❡t❡r♠✐♥❡❞ ♦rt❤♦❣♦♥❛❧❧② t♦ ❡❞✐t♦r✐❛❧ ♣♦❧✐❝②✱ t❤❡②
✸✷❆♥ ❋✲st❛t✐st✐❝ ❛❜♦✈❡ ✶✵ ❝❛♥ ❜❡ tr❡❛t❡❞ ❧✐❦❡ ❛ t❡st ✇✐t❤ ❛♣♣r♦①✐♠❛t❡❧② ❛ ✺ ♣❡r❝❡♥t s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♦❢ t❤❡
❤②♣♦t❤❡s✐s t❤❛t t❤❡ ♠❛①✐♠✉♠ r❡❧❛t✐✈❡ ❜✐❛s ✐s ❛t ❧❡❛st ✶✵ ♣❡r❝❡♥t✳ ❋♦r ♠♦r❡ ♦♥ ✇❡❛❦ ✐♥str✉♠❡♥ts ❙t♦❝❦ ❛♥❞ ❨♦❣♦
✭✷✵✵✷✮✳
✶✽
❝❛♥ ❜❡ ❛♥t✐❝✐♣❛t❡❞ ❛♥❞ ❤❡♥❝❡ ❡❞✐t♦r✐❛❧ ♣♦❧✐❝② ♠✐❣❤t ❛❞❛♣t t♦ ✐t✳ ❲❡ ♥♦✇ ❝❤❡❝❦ ✇❤❡t❤❡r ❡❞✐t♦r✐❛❧
♣♦❧✐❝② r❡s♣♦♥❞s t♦ t❤❡s❡ ♦✉t❛❣❡s ♦r r❛✐♥❢❛❧❧ ❜② ❝❛rr②✐♥❣ ❛ s❡t ♦❢ ♣❧❛❝❡❜♦ ♦r ❢❛❧s✐✜❝❛t✐♦♥ ❝❤❡❝❦s✳
✻✳✷✳✷ P❧❛❝❡❜♦ ❈❤❡❝❦s
❲❡ r❡❣r❡ss ❛ s❡t ♦❢ ♦❜s❡r✈❛❜❧❡s✱ ✇❤✐❝❤ ❝❛♣t✉r❡ ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s ♦r ♥❡✇s♣❛♣❡r ❡✛♦rt✱ ♦♥ r❛✐♥②
❞❛②s ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡s✳ ❚❛❜❧❡ ✺ s❤♦✇s t❤❛t t❤❡r❡ ✐s ♥♦ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t r❡❧❛t✐♦♥s❤✐♣
❜❡t✇❡❡♥ t❤❡♠ ❛♥❞ t❤❡ t✇♦ ✐♥str✉♠❡♥ts✳ ■♥ ❝♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✷✮ ✇❡ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r ❛♥ ❛rt✐❝❧❡
✐s ♠♦r❡ ❧✐❦❡❧② t♦ ❜❡ s♦✉r❝❡❞ ❢r♦♠ t❤❡ P❚■ ♦r ✇❤❡t❤❡r ✐t ✇✐❧❧ ❜❡ ♠♦r❡ ✈❡r❜♦s❡ ❞✉❡ t♦ r❛✐♥❢❛❧❧ ♦r
♣♦✇❡r ♦✉t❛❣❡s✳ ❲❡ ✜♥❞ ♥♦ st❛t✐st✐❝❛❧❧② ♦r ❡❝♦♥♦♠✐❝❛❧❧② s✐❣♥✐✜❝❛♥t r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡♠✳
❲❡ ❛❧s♦ ✜♥❞ ♥♦ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s st♦r✐❡s ✇r✐tt❡♥ ❞✉❡ t♦ r❛✐♥❢❛❧❧ ♦r
♣♦✇❡r ♦✉t❛❣❡s ✭❝♦❧✉♠♥ ✭✸✮✮✳ ▼♦r❡♦✈❡r✱ ❛s s❡❡♥ ✐♥ ❝♦❧✉♠♥ ✭✹✮✱ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞
❞✉r✐♥❣ ❛ ❞❛②✱ ❝♦♥tr♦❧❧✐♥❣ ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ ✇♦r❞s ✇r✐tt❡♥✱ ✐s ✉♥❛✛❡❝t❡❞ ❜② r❛✐♥ ♦r ♣♦✇❡r ♦✉t❛❣❡s✳
❖♥ ✇❡❡❦❡♥❞s✱ ❤♦✇❡✈❡r✱ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ s♦✉r❝✐♥❣ ❛♥ ❛rt✐❝❧❡ ❢r♦♠ t❤❡ P❚■✱ t❤❡ ♥✉♠❜❡r ♦❢ ✇♦r❞s
♣❡r ❛rt✐❝❧❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ❤❛r❞ ♥❡✇s st♦r✐❡s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞ ❛r❡ st❛t✐st✐❝❛❧❧②
❞✐✛❡r❡♥t ✇✐t❤ t❤❡ r❡❧❛t✐♦♥s❤✐♣ s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✪ ❧❡✈❡❧✳ ❚❤❡ ❢❛❝t t❤❛t ✇❡ ✜♥❞ s✐❣♥✐✜❝❛♥t
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✇❡❡❦❞❛②s ❛♥❞ ✇❡❡❦❡♥❞s ✐♠♣❧② t❤❛t ❡❞✐t♦rs ❛♥t✐❝✐♣❛t❡ ❛♥❞ ❛❧t❡r t❤❡✐r ❡❞✐t♦r✐❛❧
str❛t❡❣② t♦ t❤❡ ✭♣♦t❡♥t✐❛❧❧② ♣♦s✐t✐✈❡✮ s❤♦❝❦ t♦ r❡❛❞❡r ❛tt❡♥t✐♦♥ ✇❤✐❝❤ ❤❛♣♣❡♥ ❛t r❡❣✉❧❛r ✐♥t❡r✈❛❧s
✭✇❡❡❦❡♥❞s✮ ❛s ♦♣♣♦s❡❞ t♦ r❛✐♥❢❛❧❧ ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡s ✇❤✐❝❤ ❛r❡ ❤❛r❞❡r t♦ s②st❡♠❛t✐❝❛❧❧② r❡s♣♦♥❞
t♦ s✐♥❝❡ t❤❡② ♦❝❝✉r ✐rr❡❣✉❧❛r❧②✳ ▼♦r❡♦✈❡r✱ t❤❡s❡ ❢❛❧s✐✜❝❛t✐♦♥ t❡sts ♣r♦✈✐❞❡ s✉❣❣❡st✐✈❡ ❡✈✐❞❡♥❝❡
t❤❛t t❤❡ ♥❡✇s♣❛♣❡r ✐s ✉♥❛✇❛r❡ ♦❢ t❤❡s❡ s❤♦❝❦s t♦ r❡❛❞❡r ❛tt❡♥t✐♦♥✳
✻✳✷✳✸ ❙❡❝♦♥❞ ❙t❛❣❡✿ ❍♦✇ ❈❧✐❝❦s ❆✛❡❝t ▲❡♥❣t❤ ♦❢ t❤❡ ❙t♦r② ❛♥❞ t❤❡ ◆✉♠❜❡r ♦❢
❆rt✐❝❧❡s
❲❡ ♥♦✇ t✉r♥ t♦ t❤❡ ✐♠♣❛❝t ♦❢ ❝❧✐❝❦s ♦r ✈✐❡✇s ♦♥ t❤❡ ❧❡♥❣t❤ ♦❢ ❛ st♦r②✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❝♦❧✉♠♥s
✭✶✮✲✭✸✮ ♦❢ ❚❛❜❧❡ ✻✱ ✈✐❡✇s ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡ ❞✉r❛t✐♦♥ ♦❢
t❤❡ st♦r②✳ ❲❡ ✜♥❞ t❤❛t ❛ ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s ✇✐❧❧ ❧❡❛❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡
❧❡♥❣t❤ ♦❢ t❤❡ st♦r② ❜② ✶✲✷✳✺ ❞❛②s ✭❣✐✈❡♥ t❤❛t t❤❡ ♠❡❛♥ st♦r② ❧❡♥❣t❤ ✐s ❛❜♦✉t ✺ ❤♦✉rs✮✳ ■♥ ♦t❤❡r
✇♦r❞s✱ ❛ st♦r② ✇❤✐❝❤ ❤❛s ✐ts ✜rst ❛rt✐❝❧❡ r❡❝❡✐✈❡ ❝❧✐❝❦s ✇❤✐❝❤ ✐s ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❛❜♦✈❡
t❤❡ ♠❡❛♥ ✇✐❧❧ ❤❛✈❡ ❛t ❧❡❛st ♦♥❡ ❛❞❞✐t✐♦♥❛❧ ❛rt✐❝❧❡ ♦♥ t❤❡ s❛♠❡ t♦♣✐❝ ✇✐t❤✐♥ t❤❡ ♥❡①t ✷✹ ❤♦✉rs✳
❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ✐s r♦❜✉st t♦ ✐♥❝❧✉s✐♦♥ ♦❢ s❡❝t✐♦♥ ❞✉♠♠✐❡s ✭❝♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮✮✱ ❛s ✇❡❧❧ ❛s
♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ✭❝♦❧✉♠♥ ✭✸✮✮ t❤♦✉❣❤ t❤❡ ♠❛❣♥✐t✉❞❡ ❞♦❡s ❞❡❝r❡❛s❡ ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ t❤❡s❡
❝♦♥tr♦❧s✳ ❚❤✐s ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ ✐♥ ❢❛✈♦r ♦❢ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ❝♦♠✐♥❣ ❢r♦♠ ♦✉r ♠♦❞❡❧ ♦❢ ❡❞✐t♦r✐❛❧
✶✾
❞❡❝✐s✐♦♥s✳ ◆❡✇s ❡❞✐t♦rs ❤❛✈❡ t❤❡ ✐♥❝❡♥t✐✈❡ t♦ ❣✐✈❡ ❣r❡❛t❡r ❝♦✈❡r❛❣❡ t♦ st♦r✐❡s ✇❤✐❝❤ ❛r❡ ♣♦♣✉❧❛r
t♦ ♠❛①✐♠✐③❡ r❡✈❡♥✉❡ ❛♥❞ t❤❡s❡ ♥✉♠❜❡rs ♣♦✐♥t ✐♥ t❤❛t ❞✐r❡❝t✐♦♥✳
❚❤❡ ♦✈❡r✐❞❡♥t✐✜❝❛t✐♦♥ t❡st ✭❇❛s♠❛♥♥✬s ❋✲t❡st✮ ❞♦❡s ♥♦t r❡❥❡❝t t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ t❤❡ ❝♦❧❧❡❝t✐✈❡
❡①♦❣❡♥❡✐t② ♦❢ t❤❡ ✐♥str✉♠❡♥ts ✇✐t❤ ❛ p ✈❛❧✉❡ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t❧② ❛❜♦✈❡ t❤❡ ✶✵% ❧❡✈❡❧✳ ❚❤❡r❡
❛r❡ s❡❛s♦♥❛❧✐t✐❡s ✐♥ ❜♦t❤ r❛✐♥❢❛❧❧ ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡s s✐♥❝❡ r❛✐♥ ✐s ♠♦r❡ ❧✐❦❡❧② t♦ ♦❝❝✉r ✐♥ t❤❡
♠♦♥s♦♦♥ ✇❤✐❧❡ ❡❧❡❝tr✐❝✐t② s❤♦rt❛❣❡s ❛r❡ ♠♦r❡ ♣r❡✈❛❧❡♥t ✐♥ t❤❡ s✉♠♠❡r ❞✉❡ t♦ ❤✐❣❤ ❞❡♠❛♥❞✳ ❍✐❣❤
♣♦✇❡r ❞❡♠❛♥❞✱ t❤♦✉❣❤✱ ✐s ♦♥❧② ♦♥❡ ♦❢ t❤❡ r❡❛s♦♥s ❢♦r ♣♦✇❡r ♦✉t❛❣❡s✳ ■♥ ■♥❞✐❛✱ ♣♦✇❡r ♦✉t❛❣❡s
❛r❡ ♦❢t❡♥ ❞✉❡ t♦ ♣♦✇❡r t❤❡❢ts ❛♥❞ ✐♥❡✣❝✐❡♥❝✐❡s ✐♥ t❤❡ s✉♣♣❧② ❝❤❛✐♥✳✸✸ ❍❡♥❝❡✱ t❤❡ ♣r♦❝❡ss❡s
✉♥❞❡r❧②✐♥❣ ♣♦✇❡r ♦✉t❛❣❡s ❛♥❞ r❛✐♥❢❛❧❧ ❛r❡ s✉✣❝✐❡♥t❧② ❞✐✛❡r❡♥t✐❛t❡❞ t♦ t❛❦❡ t❤❡ r❡s✉❧ts ♦❢ t❤❡
♦✈❡r✐❞❡♥t✐✜❝❛t✐♦♥ t❡sts s❡r✐♦✉s❧②✳
❲❤✐❧❡ t❤❡ ❞✉r❛t✐♦♥ ♦❢ ❛ st♦r② ✐s ❛♥ ✐♥❞✐❝❛t♦r ♦❢ ❤♦✇ ♠✉❝❤ ❝♦✈❡r❛❣❡ ✐s ❣✐✈❡♥ t♦ ❛ st♦r②✱ t❤❡r❡ ♠❛②
❜❡ ♦t❤❡r ❡❞✐t♦r✐❛❧ r❡s♣♦♥s❡s✱ s✉❝❤ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✇r✐tt❡♥ ✇✐t❤✐♥ ❛ st♦r②✳ ❚❤❡ r❡s✉❧ts
♦❢ t❤❡ s❡❝♦♥❞ st❛❣❡ r❡❣r❡ss✐♦♥ ✉s✐♥❣ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✇r✐tt❡♥ ✐♥ t❤❡
st♦r② ❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ r❡s✉❧ts ✉s✐♥❣ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ ❞✉r❛t✐♦♥✳ ❚❤❡
✷s❧s ❡st✐♠❛t❡s ✐♥ ❝♦❧✉♠♥s ✭✹✮✲✭✻✮ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ t❤❡ st♦r②
❧❡❛❞s t♦ ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✇r✐tt❡♥ ✉♥❞❡r ✐t✳ ❆ ♦♥❡
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✈✐❡✇s ❧❡❛❞s t♦ ❛ ✼✵✪ ✲ ✶✵✵✪ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s
✇r✐tt❡♥✱ ✇❤✐❝❤ ❛♠♦✉♥ts t♦ ✶✳✸✲ ✷ ❛❞❞✐t✐♦♥❛❧ ❛rt✐❝❧❡s ❛s ♣❛rt ♦❢ t❤❡ st♦r②✳
❲❡ ♥❡①t ❡st✐♠❛t❡ ❛ t✇♦ st❛❣❡ ❚♦❜✐t ♠♦❞❡❧✳ ❚❤❡ ❢❛❝t t❤❛t t❤❡ ♠❡❞✐❛♥ st♦r② ❤❛s ❛ ❧❡♥❣t❤ ♦❢
③❡r♦✱ ❛♥❞ ❤❡♥❝❡ ❤❛s ♥♦ ❢♦❧❧♦✇✲✉♣ ❛rt✐❝❧❡s✱ ✐♠♣❧✐❡s t❤❛t t❤❡r❡ ✐s ❛ ♠❛ss ♣♦✐♥t ❛t ③❡r♦✳ ❚❤❡ ❚♦❜✐t
♠♦❞❡❧ ❡①♣❧✐❝✐t❧② t❛❦❡s t❤✐s ✐♥t♦ ❛❝❝♦✉♥t✳ ■♥str✉♠❡♥t✐♥❣ ❢♦r t❤❡ ✈✐❡✇s✱ t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✼ ❛r❡
q✉❛❧✐t❛t✐✈❡❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧② s✐♠✐❧❛r t♦ t❤❡ ✷s❧s ❡st✐♠❛t❡s ❢♦r ❜♦t❤ ❞✉r❛t✐♦♥ ✭❝♦❧✉♠♥s ✭✶✮✲✭✸✮✮
❛♥❞ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✭❝♦❧✉♠♥s ✭✹✮✲✭✻✮✳ ❚❤❡ ❛✈❡r❛❣❡ ♠❛r❣✐♥❛❧ ❡✛❡❝ts ❚❛❜❧❡ ✽ ✐♥❞✐❝❛t❡ t❤❛t ❛
✉♥✐t st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ✈✐❡✇s ❧❡❛❞s t♦ ❛❜♦✉t ❛ ✶✲✸✳✺ ❞❛② ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❧❡♥❣t❤ ♦❢
t❤❡ st♦r② ✭❝♦❧✉♠♥s ✭✶✮✲✭✸✮✳ ❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ❝♦♥✈❡♥t✐♦♥❛❧ ❧❡✈❡❧s ❛♥❞
st❛❜❧❡ ❛❝r♦ss s♣❡❝✐✜❝❛t✐♦♥s ✇❤✐❝❤ ❛❧❧♦✇ ❢♦r t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ s❡❝t✐♦♥ ❝♦♥tr♦❧s ✭✐♥ ❝♦❧✉♠♥s ✭✷✮ ❛♥❞
✭✸✮✮✸✹✳ ❚❤❡ ❛✈❡r❛❣❡ ♠❛r❣✐♥❛❧ ❡✛❡❝ts ✐♥ ❚❛❜❧❡ ✽ s❤♦✇ t❤❛t ❛ ✉♥✐t st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥




✸✹❖✈❡r✐❞❡♥t✐✜❝❛t✐♦♥ t❡sts ❛r❡ ❡①tr❡♠❡❧② ❝♦♠♣❧✐❝❛t❡❞ ✐♥ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧s t❤♦✉❣❤ ♦❢t❡♥ t❤❡ ✐♥❢❡r❡♥❝❡ ❝❛♥ ❜❡
❝❛rr✐❡❞ ♦✈❡r ❢r♦♠ t❤❡ t❡sts ♦♥ ❧✐♥❡❛r ♠♦❞❡❧s✳ ❋♦r ♠♦r❡ ♦♥ t❤✐s s❡❡ ❈❛♠❡r♦♥ ❛♥❞ ❚r✐✈❡❞✐ ✭✷✵✶✸✮
✷✵
❚❤❡ ❖▲❙ ❡st✐♠❛t❡s ❛r❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ✷s❧s ❡st✐♠❛t❡s ❛❝r♦ss ❞✐✛❡r❡♥t s♣❡❝✐✜❝❛t✐♦♥s✳ ■❢ t❤❡
✐♥str✉♠❡♥ts ❤❛✈❡ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ✐♠♣❛❝t ♦♥ t❤❡ ❝❧✐❝❦s t❤❡♥ ❖▲❙ ♠❡❛s✉r❡s t❤❡ ❛✈❡r❛❣❡ ❡✛❡❝t ♦❢
❝❧✐❝❦s ❛❝r♦ss ❛❧❧ st♦r✐❡s ✇❤✐❧❡ ✷s❧s ❝❛♣t✉r❡s t❤❡ ❡✛❡❝t ♦❢ st♦r✐❡s ✇❤✐❝❤ ❛r❡ ♠❛r❣✐♥❛❧ ✐♥ t❤❡ ❝❧✐❝❦✐♥❣
❞❡❝✐s✐♦♥✳ ❚❤❡ st♦r✐❡s ✇❤✐❝❤ ❛r❡ ♠❛r❣✐♥❛❧ ✐♥ t❤❡ ❝❧✐❝❦✐♥❣ ❞❡❝✐s✐♦♥ ❛r❡ ❛❧s♦ ❧✐❦❡❧② t♦ ❜❡ ♠❛r❣✐♥❛❧
✐♥ t❤❡ ❝♦✈❡r❛❣❡ ❞❡❝✐s✐♦♥ ✇❤✐❝❤ ❛r❡ ❣♦✐♥❣ t♦ ❜❡ ❣✐✈❡♥ ❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡✱ ❢♦r ❡①❛♠♣❧❡✱ ♦♥❧② ✐❢
✐t r❛✐♥s ♦♥ t❤❛t ♣❛rt✐❝✉❧❛r ❞❛②✳ ■♥ ❡ss❡♥❝❡✱ ✇❡ ❛r❡ ♠❡❛s✉r✐♥❣ t❤❡ ❧♦❝❛❧ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t
✭▲❆❚❊✮ ✉s✐♥❣ t❤❡ ✷s❧s ✇❤✐❝❤ ✇♦✉❧❞ ❜❡ ❣r❡❛t❡r t❤❛♥ t❤❡ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t ✭❆❚❊✮✳
❋♦❧❧♦✇✐♥❣ t❤❡ ❧♦❣✐❝ ♦❢ ❊✐s❡♥s❡❡ ❛♥❞ ❙tr♦♠❜❡r❣ ✭✷✵✵✼✮✱ ✐❢ t❤❡ ✐♠♣❛❝t ♦❢ r❛✐♥ ♦♥ ❢♦❧❧♦✇ ✉♣ ❛rt✐❝❧❡s
✐s ❤✐❣❤❡r ❢♦r st♦r✐❡s ✇❤✐❝❤ ❛r❡ ♠❛r❣✐♥❛❧ ✐♥ t❤❡ ❝❧✐❝❦✐♥❣ ❞❡❝✐s✐♦♥✱ t❤❡♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥
❝❧✐❝❦s ❛♥❞ ❝♦✈❡r❛❣❡ ✇♦✉❧❞ ❜❡ ❤✐❣❤❡r ❢♦r st♦r✐❡s ✇❤✐❝❤ ❣❡t ❝❧♦s❡r t♦ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s✳
❚❤❡r❡❢♦r❡✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ✈✐❡✇s ❛♥❞ t❤❡ ❛❜s♦❧✉t❡ ❞✐st❛♥❝❡ ♦❢ t❤❡ ♣r❡❞✐❝t❡❞
♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ t❤❡ st♦r② ❣❡tt✐♥❣ ❝❧✐❝❦s ❣r❡❛t❡r t❤❛♥ t❤❡ ♠❡❛♥ ❢r♦♠ ✵✳✺ ✐♥ t❤❡
r❡❣r❡ss✐♦♥ ♦❢ ✈✐❡✇s ♦♥ ♥❡✇s ❝♦✈❡r❛❣❡✳✸✺ ❚❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✾ s❤♦✇ t❤❛t ❝♦❡✣❝✐❡♥t ♦❢ t❤❡
❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ✈✐❡✇s ❛♥❞ ❛rt✐❝❧❡s ❜❡❝♦♠❡s t✇✐❝❡ ❛s ❧❛r❣❡ ✭❝♦❧✉♠♥s ✭✷✮✲✭✹✮✮ ❛s t❤❡ ❖▲❙
❡st✐♠❛t❡ ✭❝♦❧✉♠♥ ✭✶✮✮✳ ❚❤✐s ✐s ❡①tr❡♠❡❧② ❝♦❛rs❡ ♠❡❛s✉r❡ ♦❢ ❜❡✐♥❣ ♠❛r❣✐♥❛❧ ❛♥❞ t❤❡s❡ ❡st✐♠❛t❡s
❝♦✉❧❞ ❜❡ s✉❜st❛♥t✐❛❧❧② ❤✐❣❤❡r ❢♦r st♦r✐❡s ✇❤✐❝❤ ❛r❡ tr✉❧② ♦♥ t❤❡ ♠❛r❣✐♥✳ ❚❤✐s ✇♦✉❧❞ ❡s♣❡❝✐❛❧❧② ❜❡
tr✉❡ ✐❢ ♦♥ r❛✐♥② ❞❛②s✱ ❢♦r ❡①❛♠♣❧❡✱ ♥❡✇ ♦r ✐rr❡❣✉❧❛r r❡❛❞❡rs ✈✐s✐t t❤❡ ✇❡❜s✐t❡ ♠♦r❡ ❛♥❞ ❝❧✐❝❦ ♦♥
❛rt✐❝❧❡s ✇❤✐❝❤ ❛r❡ r❡❧❛t✐✈❡❧② ♠♦r❡ s❛❧✐❡♥t✳✸✻
■♥t❡r♣r❡t✐♥❣ t❤❡ ♣♦♣✉❧❛r✐t② ❡st✐♠❛t❡s
❚♦ ❣❡t ❛ s❡♥s❡ ♦❢ ✇❤❛t t❤❡ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ ♣♦♣✉❧❛r✐t② ❡st✐♠❛t❡s ✐♠♣❧②✱ ✇❡ r❡❧❛t❡ t❤❡♠ t♦ t✇♦
❞✐✛❡r❡♥t ❦✐♥❞s ♦❢ ❡st✐♠❛t❡s ✐♥ t❤❡ ❡①✐st✐♥❣ ♠❡❞✐❛ ❡❝♦♥♦♠✐❝s ❧✐t❡r❛t✉r❡✳
❋✐rst✱ ✇❡ r❡❧❛t❡ ♦✉r ❡st✐♠❛t❡s t♦ st✉❞✐❡s ✇❤✐❝❤ ❛♥❛❧②③❡ t❤❡ ✐♠♣❛❝t ♦❢ ♥❡✇s ❝♦✈❡r❛❣❡ ♦♥ ❞✐✛❡r❡♥t
♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡s✳ ■♥ ❡ss❡♥❝❡✱ ✇❡ ❛tt❛❝❤ ❛♥♦t❤❡r ♣✐❡❝❡ t♦ t❤✐s s❡q✉❡♥❝❡ ❜② ❛♥❛❧②③✐♥❣ ❤♦✇ ♠❛♥②
❝❧✐❝❦s ✇♦✉❧❞ ❜❡ ♥❡❡❞❡❞ t♦ ❣❡♥❡r❛t❡ ❛ ❝❡rt❛✐♥ ❛♠♦✉♥t ♦❢ ❝♦✈❡r❛❣❡ t♦ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥
❞✐✛❡r❡♥t ♦✉t❝♦♠❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ r❡❧❛t❡ ♦✉r ❡st✐♠❛t❡s t♦ t❤♦s❡ ✐♥ ▲✐♠ ❡t ❛❧✳ ✭✷✵✶✺✮✳ ▲✐♠
❡t ❛❧✳ ✭✷✵✶✺✮ ❛♥❛❧②③❡ t❤❡ ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢ ❝♦✈❡r❛❣❡ ❜② ♥❡✇s♣❛♣❡rs ♦♥ ❝r✐♠✐♥❛❧ s❡♥t❡♥❝✐♥❣ ❜②
❯✳❙✳ st❛t❡ ❝♦✉rt ❥✉❞❣❡s✳ ❖✈❡r❛❧❧✱ t❤❡② ✜♥❞ t❤❛t ✶✷ ♥❡✇s♣❛♣❡r ❛rt✐❝❧❡s✱ ❛❝r♦ss ❛❧❧ ♥❡✇s♣❛♣❡rs✱
♦♥ ❛ ♣❛rt✐❝✉❧❛r ❝r✐♠❡ st♦r② ♦r ❥✉❞❣❡ ✐♥❝r❡❛s❡ ♣r✐s♦♥ s❡♥t❡♥❝❡s ❜② ✸ ♠♦♥t❤s ♦♥ ❛✈❡r❛❣❡✳ ❖✉r
♣r❡❢❡rr❡❞ ❡st✐♠❛t❡s s❤♦✇ t❤❛t ❛ ✉♥✐t st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s ✭❛♣♣r♦①✐♠❛t❡❧② ✾✵✵
✸✺❚❤r❡ ♣r❡❞✐❝t❡❞ ♣r♦❜❛❜✐❧✐t② ✐s ❞❡r✐✈❡❞ ❢r♦♠ ❛ r❡❣r❡ss✐♦♥ ♦♥ r❛✐♥✱ ♦✉t❛❣❡s ❛♥❞ ♦t❤❡r ❝♦♥tr♦❧s✳
✸✻❚❤❡s❡ ❛r❣✉♠❡♥ts ❛♥❞ ♠❛❣♥✐t✉❞❡s ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ✐♥ ❊✐s❡♥s❡❡ ❛♥❞ ❙tr♦♠❜❡r❣ ✭✷✵✵✼✮✳
✷✶
❝❧✐❝❦s✮ ❧❡❛❞s t♦ ❛ t♦t❛❧ ♦❢ ✹ ❛rt✐❝❧❡s ♦♥ t❤❡ s❛♠❡ st♦r② ♦♥ ❛✈❡r❛❣❡✳ ❍❡♥❝❡✱ ✐♥ t❤✐s ❝♦♥t❡①t✱ ❛ ✉♥✐t
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s ✇♦✉❧❞ ❧❡❛❞ t♦ ❛ ♦♥❡ ♠♦♥t❤ ✐♥❝r❡❛s❡ ✐♥ ♣r✐s♦♥ s❡♥t❡♥❝❡ ✇❤✐❝❤
✐s ♥♦♥✲♥❡❣❧✐❣✐❜❧❡✸✼✳
◆❡①t✱ ✇❡ ❝♦♠♣❛r❡ ♦✉r ❡st✐♠❛t❡s t♦ ❡①✐st✐♥❣ ❡st✐♠❛t❡s ❛♥❛❧②s✐♥❣ t❤❡ ✐♠♣❛❝t ♦❢ ♣♦❧✐t✐❝❛❧ ♣r❡❢❡r❡♥❝❡s
♦♥ ❝♦✈❡r❛❣❡ ❞❡❝✐s✐♦♥s✳ P✉❣❧✐s✐ ❛♥❞ ❙♥②❞❡r ✭✷✵✶✵✮ ✜♥❞ ❡✈✐❞❡♥❝❡ ✐♥ ❢❛✈♦✉r ♦❢ ❛❣❡♥❞❛ s❡tt✐♥❣
✇❤❡r❡ ♣r♦✲❉❡♠♦❝r❛t✐❝ ♥❡✇s♣❛♣❡rs s②st❡♠❛t✐❝❛❧❧② ♣r♦✈✐❞❡ ❧❡ss ❝♦✈❡r❛❣❡ t♦ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧s
✐♥✈♦❧✈✐♥❣ ❉❡♠♦❝r❛t✐❝ ♣♦❧✐t✐❝✐❛♥s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡② ✜♥❞ t❤❛t ❛ ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡
✐♥ ♣r❡❢❡r❡♥❝❡ ❢♦r ❛ ❉❡♠♦❝r❛t✐❝ ❧❡❛❞❡r✱ ♠❡❛s✉r❡❞ ❜② ♥❡✇s ❡♥❞♦rs❡♠❡♥ts✱ r❡❞✉❝❡s ♥❡❣❛t✐✈❡ ❝♦✈❡r❛❣❡
❜② ❛❜♦✉t ✸✵✪✳ ❚❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❡✛❡❝ts✱ ❛s t❤❡ ❛✉t❤♦rs st❛t❡✱ ✐s s♠❛❧❧ t❤♦✉❣❤ st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t✳ ▲❛r❝✐♥❡s❡✱ P✉❣❧✐s✐ ❛♥❞ ❙♥②❞❡r ✭✷✵✶✶✮ ✜♥❞ s✐♠✐❧❛r q✉❛♥t✐t❛t✐✈❡❧② s♠❛❧❧ ❡✛❡❝ts ♦❢
♣♦❧✐t✐❝❛❧ ♣r❡❢❡r❡♥❝❡s ♦♥ ❝♦✈❡r❛❣❡ ♦❢ ❡❝♦♥♦♠✐❝ ♥❡✇s✸✽✳ ■♥ ❝♦♥tr❛st✱ ✇❡ ✜♥❞ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r
❡✛❡❝ts ♦❢ ❝❧✐❝❦s✱ ✇✐t❤ ❛ ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s ❧❡❛❞✐♥❣ t♦ ❛ ✻✺✪ ✐♥❝r❡❛s❡ ✐♥
❝♦✈❡r❛❣❡ ❜❡✐♥❣ ♦✉r ♠♦st ❝♦♥s❡r✈❛t✐✈❡ ❡st✐♠❛t❡✳
✼ ❈❧✐❝❦s ❜❛s❡❞ ❈♦✈❡r❛❣❡ ❛♥❞ t❤❡ ❵◗✉❛❧✐t②✬ ♦❢ ■♥❢♦r♠❛t✐♦♥
❆❢t❡r ❤❛✈✐♥❣ ❡st❛❜❧✐s❤❡❞ t❤❡ ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢ ❝❧✐❝❦s ♦♥ ❝♦✈❡r❛❣❡✱ ✇❡ ♥♦✇ ♠♦✈❡ t♦ ❛♥❛❧②③✐♥❣
t❤❡ ♣♦t❡♥t✐❛❧ ❝♦♥s❡q✉❡♥❝❡s ♦❢ t❤✐s ❡❞✐t♦r✐❛❧ str❛t❡❣② ♦♥ t❤❡ q✉❛❧✐t② ♦❢ ✐♥❢♦r♠❛t✐♦♥✳ Pr♦✈✐❞✐♥❣
❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡ t♦ st♦r✐❡s ✇❤✐❝❤ r❡❝❡✐✈❡ ❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ✐♠♣❧✐❡s t❤❛t ♠♦r❡ ♣♦♣✉❧❛r
st♦r✐❡s ♠✐❣❤t ❝r♦✇❞ ♦✉t st♦r✐❡s ✇❤✐❝❤ ❞♦ ♥♦t r❡❝❡✐✈❡ s✐♠✐❧❛r ❛♠♦✉♥t ♦❢ r❡❛❞❡r ❛tt❡♥t✐♦♥✳
❲❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r ❡❞✐t♦r✐❛❧ ♣r❡❢❡r❡♥❝❡s t♦ ❡①t❡♥❞ ❝♦✈❡r❛❣❡ ♦❢ ♣♦♣✉❧❛r st♦r✐❡s
❤♦❧❞s ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡ ❝♦♥t❡♥t ♦❢ ❛ st♦r②✱ ❜✉t ♠❡❛s✉r✐♥❣ t❤❡ ✐♥❢♦r♠❛t✐♦♥❛❧ ❝♦♥t❡♥t ♦❢ st♦r✐❡s
✐s ♥♦t ❛ tr✐✈✐❛❧ t❛s❦✳ ❚♦ t❤✐s ❡♥❞✱ ✇❡ ❞✐✈✐❞❡ t❤❡ ♥❡✇s ❛rt✐❝❧❡s ✐♥t♦ ❵❤❛r❞✬ ❛♥❞ ❵s♦❢t✬ ♥❡✇s ❜❛s❡❞
♦♥ t❤❡ s❡❝t✐♦♥ ♦❢ t❤❡ ♥❡✇s♣❛♣❡r t❤❡ st♦r② ✐s s❧♦tt❡❞ ✐♥✳ P❛tt❡rs♦♥ ✭✷✵✵✵✮ ❛r❣✉❡s t❤❛t s♦❢t ♥❡✇s
❛r❡ ✏t②♣✐❝❛❧❧② ♠♦r❡ s❡♥s❛t✐♦♥❛❧✱ ♠♦r❡ ♣❡rs♦♥❛❧✐t②✲❝❡♥t❡r❡❞✱ ❧❡ss t✐♠❡✲❜♦✉♥❞✱ ♠♦r❡ ♣r❛❝t✐❝❛❧✱ ❛♥❞
♠♦r❡ ✐♥❝✐❞❡♥t✲❜❛s❡❞ t❤❛♥ ♦t❤❡r ♥❡✇s✑✳ ❚♦ ❣✉✐❞❡ st♦r② ❝❧❛ss✐✜❝❛t✐♦♥✱ ✇❡ ✉s❡ t❤❡ ❵s❡❝t✐♦♥✬ r❡❢❡r❡♥❝❡s
♦❢ ❛rt✐❝❧❡s✳ ❍❛r❞ ♥❡✇s ❝♦♥s✐sts ♦❢ st♦r✐❡s ✐♥ t❤❡ ◆❛t✐♦♥❛❧✱ ■♥t❡r♥❛t✐♦♥❛❧✱ ❇✉s✐♥❡ss ❛♥❞ ❖♣✐♥✐♦♥
s❡❝t✐♦♥s ✇❤✐❧❡ s♦❢t st♦r✐❡s ❛r❡ t❤♦s❡ ✇❤✐❝❤ ❛r❡ s❧♦tt❡❞ ✐♥ t❤❡ ❊♥t❡rt❛✐♥♠❡♥t✱ ❙♣♦rts✱ ❚❡❝❤♥♦❧♦❣②
✸✼❆♥♦t❤❡r ❡①❛♠♣❧❡ ✐s ❋❛♥❣ ❛♥❞ P❡r❡ss ✭✷✵✵✾✮✳ ❋❛♥❣ ❛♥❞ P❡r❡ss ✭✷✵✵✾✮ ✜♥❞ t❤❛t ✜r♠s ✇❤✐❝❤ ❤❛✈❡ ❤✐❣❤ ♠❡❞✐❛
❝♦✈❡r❛❣❡ ❡❛r♥ ❛ ✵✳✷✺✪ ✲ ✶✪ ❧♦✇❡r ♠♦♥t❤❧② r❡t✉r♥ ♦♥ t❤❡ st♦❝❦ ♠❛r❦❡t r❡❧❛t✐✈❡ t♦ ❧♦✇ ♠❡❞✐❛ ❝♦✈❡r❛❣❡ ✜r♠s✳ ❆
✜r♠ ✐s s❛✐❞ t♦ ❤❛✈❡ ❤✐❣❤ ♠❡❞✐❛ ❝♦✈❡r❛❣❡ ✐❢ ✹ ♦r ♠♦r❡ ❛rt✐❝❧❡s ❛r❡ ✇r✐tt❡♥ ♦♥ ✐t ✭✇❤✐❝❤ ✐s t❤❡ ♠❡❞✐❛♥ ♥✉♠❜❡r✮
✇✐t❤✐♥ ❛ ♠♦♥t❤✳ ❆❝❝♦r❞✐♥❣ t♦ ♦✉r ❡st✐♠❛t❡s✱ ❛ ♦♥❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s ♦♥ ❛ st♦r② ♣❛rt✐❝✉❧❛r t♦
❛ ✜r♠ ❝❛♥ r❡❞✉❝❡ ✐ts r❡t✉r♥ ❜② ✉♣t♦ ✶✪ ❞✉r✐♥❣ ❛ ❝❛❧❡♥❞❛r ♠♦♥t❤✱ ✇❤✐❝❤ ✐s ❛♥ ❡❝♦♥♦♠✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❡✛❡❝t✳
✸✽❚❤❡② ✜♥❞ ✐♥s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ♦❢ r❡❛❞❡r ♣r❡❢❡r❡♥❝❡s✳
✷✷
❛♥❞ ▲✐❢❡st②❧❡ s❡❝t✐♦♥s ♦❢ t❤❡ ♥❡✇s♣❛♣❡r✳ ❆❝❝♦r❞✐♥❣ t♦ ❇♦❝③❦♦✇s❦✐ ✭✷✵✶✵✮✱ ◆❛t✐♦♥❛❧✱ ■♥t❡r♥❛t✐♦♥❛❧
❛♥❞ ❇✉s✐♥❡ss ♥❡✇s ❛r❡ ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡ ❢♦r ❛♥ ✐♥❞✐✈✐❞✉❛❧ t♦ ♣❛rt✐❝✐♣❛t❡ ✐♥ ❵♣✉❜❧✐❝✬ ❛✛❛✐rs ✇❤✐❧❡
s♦❢t ♥❡✇s s✉❝❤ ❛s ❙♣♦rts ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ r❡❧❛t❡❞ t♦ ❵♥♦♥ ♣✉❜❧✐❝✬ ❛✛❛✐rs✳ ■❢ s♦❢t ♥❡✇s st♦r✐❡s ❛r❡
❣✐✈❡♥ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡ ❜❛s❡❞ ♦♥ ❝❧✐❝❦s✱ ✐t ♠❛② ♣♦t❡♥t✐❛❧❧② ❝r♦✇❞ ♦✉t ❤❛r❞ ♥❡✇s✱ ❛t ❧❡❛st
✐♥ t❤❡ s❤♦rt r✉♥✳ ■❢ ❡❞✐t♦r✐❛❧ ♣r❡❢❡r❡♥❝❡s t♦ ❛❧❧♦❝❛t❡ ❤✐❣❤❡r r❡s♦✉r❝❡s t♦ ♠♦r❡ ♣♦♣✉❧❛r st♦r✐❡s ❤♦❧❞
✐rr❡s♣❡❝t✐✈❡ ♦❢ ❝♦♥t❡♥t✱ t❤❡ ❵q✉❛❧✐t②✬ ♦❢ ✐♥❢♦r♠❛t✐♦♥ ♣r♦✈✐❞❡❞ t♦ r❡❛❞❡rs ✇✐❧❧ ❝❤❛♥❣❡✳
❲❡ r❡✲❡st✐♠❛t❡ t❤❡ ♠♦❞❡❧ ❛❢t❡r s♣❧✐tt✐♥❣ t❤❡ ❞❛t❛ ✉♥❞❡r t❤❡ ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s ❧❛❜❡❧s✳ ■♥ t❤❡ ❞❛t❛✱
✻✹✳✸✪ ♦❢ ❛❧❧ ❛rt✐❝❧❡s ❛r❡ s❧♦tt❡❞ ✉♥❞❡r ❛ ❤❛r❞ ♥❡✇s s❡❝t✐♦♥ ✇❤✐❧❡ t❤❡ r❡st ✸✺✳✼✪ ❛r❡ ❧❛❜❡❧❡❞ ❛s s♦❢t
♥❡✇s✳ ❚❤❡ ✜rst st❛❣❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✶✵ ❞❡♠♦♥str❛t❡ ❤♦✇ t❤❡ ✐♥str✉♠❡♥ts ♣❡r❢♦r♠ s❡♣❛r❛t❡❧②
❢♦r ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s✳ ❚❤❡s❡ r❡s✉❧ts ❤✐❣❤❧✐❣❤t s♦♠❡ ✐♥t❡r❡st✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s ❛❜♦✉t ♦♥❧✐♥❡
♥❡✇s r❡❛❞✐♥❣ ❜❡❤❛✈✐♦✉r✳ ❚❤❡ r❛✐♥❢❛❧❧ ✐♥str✉♠❡♥t ❤❛s ❛ q✉❛♥t✐t❛t✐✈❡❧② ❛♥❞ st❛t✐st✐❝❛❧❧② str♦♥❣❡r
✐♠♣❛❝t ♦♥ ❤❛r❞ ♥❡✇s t❤❛♥ s♦❢t ♥❡✇s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ♣♦✇❡r ♦✉t❛❣❡ ✐♥str✉♠❡♥t ✐♥ t❤❡
❝❛s❡ ♦❢ ❤❛r❞ ♥❡✇s ✐s st❛t✐st✐❝❛❧❧② ❛♥❞ ❡❝♦♥♦♠✐❝❛❧❧② ✐♥s✐❣♥✐✜❝❛♥t✳ P♦✇❡r ♦✉t❛❣❡ ❤❛s ❛ ♥❡❣❛t✐✈❡
❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ s♦❢t ♥❡✇s✳ ❚❤✐s s✉❣❣❡sts t❤❛t t❤❡ ❞❡♠❛♥❞ ❢♦r ❤❛r❞ ♥❡✇s ✐s
r❡❧❛t✐✈❡❧② ❧❡ss ❞♦✇♥✇❛r❞❧② ❡❧❛st✐❝ ❛s ❝♦♠♣❛r❡❞ t♦ s♦❢t ♥❡✇s✳ ❚♦ ❡♥s✉r❡ t❤❛t t❤❡ ✜rst st❛❣❡ ♦❢ t❤❡
✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡s r❡❣r❡ss✐♦♥ ✐s str♦♥❣✱ ✇❡ ✐♥str✉♠❡♥t ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② ❤❛r❞ ♥❡✇s ✉s✐♥❣ ♦♥❧②
r❛✐♥❢❛❧❧ ✭❝♦❧✉♠♥✭✷✮✮✳ ❙✐♠✐❧❛r❧②✱ ❢♦r s♦❢t ♥❡✇s✱ ✇❡ ♣r✐♠❛r✐❧② ❢♦❝✉s ♦♥ ✈❛r✐❛♥ts ♦❢ ♣♦✇❡r ♦✉t❛❣❡s
s✉❝❤ ❛s ♦✉t❛❣❡s ♥♦r♠❛❧✐③❡❞ ❜② ✇❡❡❦❧② ♣♦✇❡r ♦✉t❛❣❡s t♦ ❡♥s✉r❡ t❤❛t ♦✉r ✐♥str✉♠❡♥ts ❛r❡ str♦♥❣✳
❖♥❡ ❝❛♥ s❡❡ ✐♥ ❝♦❧✉♠♥ ✭✹✮ t❤❛t ♥♦r♠❛❧✐③❡❞ ♦✉t❛❣❡s ❤❛✈❡ ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✭❋✲st❛t✐st✐❝
♦❢ ✶✶✳✹✵✮ ♥❡❣❛t✐✈❡ ✐♠♣❛❝t ♦♥ ✈✐❡✇s✳ ■♥ ❝♦❧✉♠♥ ✭✺✮✱ ✇❡ ✉s❡ ❜♦t❤ ♥♦r♠❛❧✐③❡❞ r❛✐♥❢❛❧❧ ❛♥❞ ♣♦✇❡r
♦✉t❛❣❡s ✇✐t❤ r❛✐♥❢❛❧❧ ❤❛✈✐♥❣ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ❛♥❞ ♦✉t❛❣❡s ❤❛✈✐♥❣ ❛ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ✈✐❡✇s✳ ◆♦t❡
t❤❛t ❛❧❧ ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts ❛r❡ r♦❜✉st t♦ ✉s✐♥❣ t❤❡s❡ ❛❧t❡r♥❛t✐✈❡ ♠❡❛s✉r❡s ♦❢ t❤❡ ✐♥str✉♠❡♥ts✸✾✳
❚❤❡ s❡❝♦♥❞ st❛❣❡ r❡s✉❧ts ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✶✶ ❛r❡ ❝❧❡❛r✿ ❈❧✐❝❦s ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ✭❛t ✺✪ ❧❡✈❡❧✮ ♦♥ ❝♦✈❡r❛❣❡ ♦❢ ❤❛r❞ ♥❡✇s✱ ❜✉t st❛t✐st✐❝❛❧❧② ❛♥❞ ❡❝♦♥♦♠✐❝❛❧❧②
✐♥s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡ ❝♦✈❡r❛❣❡ ♦❢ s♦❢t ♥❡✇s st♦r✐❡s✳ ❚❤❡ ❜❛s❡❧✐♥❡ ❡st✐♠❛t❡ ❢♦r t❤❡ ✇❤♦❧❡
s❛♠♣❧❡✱ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✱ ✐s ✵✳✷✸ ✇❤✐❧❡ ❢♦r ❤❛r❞ ♥❡✇s ✐t ✐s
✵✳✸✺ ❛♥❞ ❢♦r s♦❢t ♥❡✇s ✐t ✐s ✵✳✵✺✳ ❚❤✐s ❡✈✐❞❡♥❝❡ s❤♦✇s t❤❛t ❝♦♥❞✐t✐♦♥❛❧ ♦♥ t❤❡ ✜rst ❛rt✐❝❧❡ ❜❡✐♥❣
♣✉❜❧✐s❤❡❞✱ t❤❡ ❡❞✐t♦r ♣✉❜❧✐s❤❡s ❛❞❞✐t✐♦♥❛❧ ❛rt✐❝❧❡s ✐♥ r❡s♣♦♥s❡ t♦ t❤❡ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ❤❛r❞ ♥❡✇s
st♦r✐❡s ♦♥❧②✳ ✹✵
❆ ❝♦♥❝❡r♥ ✇✐t❤ t❤✐s ✜♥❞✐♥❣ ♠✐❣❤t ❜❡ t❤❛t s♦❢t ♥❡✇s ❛r❡ ❢✉♥❞❛♠❡♥t❛❧❧② ❞✐✛❡r❡♥t ✐♥ t❤❡✐r ❝❤❛r✲
✸✾❲❡ ❛❧s♦ ✉s❡ ♣♦✇❡r ♦✉t❛❣❡s ♥♦r♠❛❧✐③❡❞ ❜② ✇❡❡❦❧② ♦✉t❛❣❡s ❛❧♦♥❣ ✇✐t❤ s♠❛❧❧ r❡❣✐♦♥❛❧ ❤♦❧✐❞❛②s ✭❢♦r ❛ ♣♦s✐t✐✈❡
s❤♦❝❦ t♦ ❝❧✐❝❦s✮ ✇❤✐❝❤ ♣♦✐♥t t♦ s❛♠❡ q✉❛❧✐t❛t✐✈❡ r❡s✉❧ts✳ ❘❡s✉❧ts ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳
✹✵❚❤❡ r❡s✉❧ts ❛r❡ s✐♠✐❧❛r ❢♦r st♦r② ❞✉r❛t✐♦♥✳
✷✸
❛❝t❡r✐st✐❝s r❡❧❛t✐✈❡ t♦ ❤❛r❞ ♥❡✇s ❛♥❞ t❤❡r❡❢♦r❡✱ ❛r❡ tr❡❛t❡❞ ❞✐✛❡r❡♥t❧② ❜② t❤❡ ♥❡✇s♣❛♣❡r✳ ❋♦r
❡①❛♠♣❧❡✱ ✐❢ ♥❡✇s ❛❣❡♥❝✐❡s ❞♦ ♥♦t ♣r♦✈✐❞❡ ❡♥♦✉❣❤ s♦❢t ♥❡✇s st♦r✐❡s t❤❡♥ t❤❡ ❝♦st ✐♥❝✉rr❡❞ ❜②
t❤❡ ♥❡✇s♣❛♣❡r ♠✐❣❤t ❜❡ ♠✉❝❤ ❤✐❣❤❡r ❢♦r s♦❢t ♥❡✇s✳ ❲❡ ❧♦♦❦ ❛t s♦♠❡ s✉♠♠❛r② st❛t✐st✐❝s t♦ ❣❡t
❛ s❡♥s❡ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♦❜s❡r✈❛❜❧❡ ❝❤❛r❛❝t❡r✐st✐❝s ❜❡t✇❡❡♥ ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s ✐♥ ❚❛❜❧❡ ✶✷✳
❚❤❡ ♠❡❛♥ ✭❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✮ ❛❝r♦ss ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s ❛rt✐❝❧❡s ♦❢ ♦❜s❡r✈❛❜❧❡s s✉❝❤ ❛s t❤❡
♣r♦♣♦rt✐♦♥ ♦❢ ❛rt✐❝❧❡s s♦✉r❝❡❞ ❢r♦♠ ❛ ♥❡✇s ❛❣❡♥❝② ✭✹✵✪ ❢♦r ❤❛r❞ ♥❡✇s ❛s ♦♣♣♦s❡❞ t♦ ✹✼✪ ❢♦r
s♦❢t✮✱ t❤❡ ✇♦r❞ ❝♦✉♥t ♣❡r ❛rt✐❝❧❡ ✭✸✼✺ ❢♦r ❤❛r❞ ❛♥❞ ✹✵✵ ❢♦r s♦❢t✮ ❛♥❞ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❤❡❛❞❧✐♥❡
✭✹✻ ❝❤❛r❛❝t❡rs ❢♦r ❤❛r❞ ❛♥❞ ✹✷ ❢♦r s♦❢t✮ ❞♦ ♥♦t ❞✐✛❡r ♠✉❝❤✳ ❚❤❡ ♠❡❛♥ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ ❛
st♦r② ✐♥❞✐❝❛t❡ t❤❛t s♦❢t st♦r✐❡s✱ ✇✐t❤ ✶✳✺✺ ❛rt✐❝❧❡s ♣❡r st♦r②✱ ❝❛♥ ❛♥❞ ❞♦ ❤❛✈❡ ❢♦❧❧♦✇ ✉♣ ❛rt✐❝❧❡s
✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ ✶✳✽✶ ❛rt✐❝❧❡s ❛s ♣❛rt ♦❢ ❛♥ ❛✈❡r❛❣❡ ❤❛r❞ ♥❡✇s st♦r②✳ ❚❤❡ ♠❡❞✐❛♥ ♥✉♠❜❡r ♦❢
❛rt✐❝❧❡s ✐♥ ❛ st♦r② ✐s ✶ ❢♦r ❜♦t❤ t②♣❡s ♦❢ st♦r✐❡s✳ ❚❤❡s❡ ♥✉♠❜❡rs s❡❡♠ t♦ ✐♥❞✐❝❛t❡ t❤❛t ❤❛r❞ ❛♥❞
s♦❢t ♥❡✇s st♦r✐❡s ❛r❡ ♥♦t ❢✉♥❞❛♠❡♥t❛❧❧② ❞✐✛❡r❡♥t ✐♥ t❤❡✐r ♦❜s❡r✈❛❜❧❡ ❝❤❛r❛❝t❡r✐st✐❝s✹✶✳
❚♦ ❣❡t ❛ s❡♥s❡ ♦❢ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ t❤✐s ❛s②♠♠❡tr② ♦❢ ❡❞✐t♦r✐❛❧ str❛t❡❣② ❢♦r t❤❡ ❵q✉❛❧✐t②✬ ♦r t②♣❡
♦❢ ♥❡✇s✱ ✇❡ ❧♦♦❦ ❛t ❛ ♣❛rt✐❝✉❧❛r ❝♦✉♥t❡r❢❛❝t✉❛❧ s✐t✉❛t✐♦♥✳ ❲❡ ❡st✐♠❛t❡ t❤❡ ❝♦✈❡r❛❣❡ t❤❛t ✇♦✉❧❞
❜❡ ❣✐✈❡♥ t♦ ❛♥ ❛✈❡r❛❣❡ s♦❢t ♥❡✇s st♦r② ✐❢ t❤❡ ❡❞✐t♦r ✇❛s ✉s✐♥❣ t❤❡ ❤❛r❞ ♥❡✇s str❛t❡❣② ❢♦r s♦❢t
♥❡✇s ❛s ✇❡❧❧✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ ✉s❡ γ̂1 ❢r♦♠ t❤❡ ✷s❧s r❡❣r❡ss✐♦♥ ❢♦r ❤❛r❞ ♥❡✇s ❛♥❞ s✐♠✉❧❛t❡ t❤❡
❝♦✈❡r❛❣❡ r❡❝❡✐✈❡❞ ❜② ❛♥ ❛✈❡r❛❣❡ s♦❢t ♥❡✇s st♦r② ✉♥❞❡r t❤❛t str❛t❡❣②✳ ❲❡ ✜♥❞ t❤❛t t❤❡ ❧❡♥❣t❤
♦❢ t❤❡ ❛✈❡r❛❣❡ s♦❢t st♦r②✱ ✐♥ t❡r♠s ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s✱ ✇♦✉❧❞ ✐♥❝r❡❛s❡ ❜② ✶✶✪✳ ❍❡♥❝❡✱ ✐❢
t❤❡ ♥❡✇s♣❛♣❡r ❢♦❧❧♦✇❡❞ ❛ s②♠♠❡tr✐❝ str❛t❡❣② ♦❢ ❢♦❧❧♦✇✐♥❣ ✉♣ ♦♥ s♦❢t ❛♥❞ ❤❛r❞ ♥❡✇s t❤❡r❡ ✇♦✉❧❞
❜❡ ❛ ❞❡✜♥✐t❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛♠♦✉♥t ♦❢ s♦❢t st♦r✐❡s ✇❡ s❡❡ ✐♥ t❤❡ ♥❡✇s✳ ❚❤✐s ❡✈✐❞❡♥❝❡ s❡❡♠s t♦
✐♥❞✐❝❛t❡ ❛ ❝❧❡❛r ❛♥❞ ❝♦♥s❝✐♦✉s ❡❞✐t♦r✐❛❧ str❛t❡❣② s✉❝❤ t❤❛t ❤❛r❞ ♥❡✇s ❞♦♠✐♥❛t❡s t❤❡ ❛♠♦✉♥t ♦❢
t♦t❛❧ ♥❡✇s✹✷✳
❚❤❡s❡ r❡s✉❧ts ❧♦♦❦ ❛t ❤♦✇ ❝❧✐❝❦s✲❜❛s❡❞ ❡❞✐t♦r✐❛❧ str❛t❡❣② ❞✐✛❡rs ❛❝r♦ss ❞✐✛❡r❡♥t t②♣❡s ♦❢ st♦r✐❡s
❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❤❛✈✐♥❣ ♣✉❜❧✐s❤❡❞ t❤❡ ✜rst ❛rt✐❝❧❡ ♦♥ ❛ ♣❛rt✐❝✉❧❛r t♦♣✐❝✳ ❚❤✐s ❞♦❡s ♥♦t q✉✐t❡ r✉❧❡
♦✉t t❤❡ ♥❡✇s♣❛♣❡r s❤✐❢t✐♥❣ ✐ts ❝♦✈❡r❛❣❡ t♦ ❛ ❧❛r❣❡r ❛♠♦✉♥t ♦❢ s♦❢t ♥❡✇s ♦♥ ❛❝❝♦✉♥t ♦❢ ❛♥t✐❝✐♣❛t✐♥❣
❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ♦♥ s♦❢t ♥❡✇s r❡❧❛t✐✈❡ t♦ ❤❛r❞ ♥❡✇s✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ❛❜♦✈❡ r❡s✉❧t
❞♦❡s ♥♦t ♣r❡❝❧✉❞❡ s♦❢t ♥❡✇s ❝r♦✇❞✐♥❣ ♦✉t ❤❛r❞ ♥❡✇s ❜② r❡❞✉❝✐♥❣ t❤❡ ♦✈❡r❛❧❧ ♥✉♠❜❡r ♦❢ ❤❛r❞
♥❡✇s ❛rt✐❝❧❡s ♦r st♦r✐❡s r❛t❤❡r t❤❛♥ ❥✉st ❢♦❧❧♦✇✲✉♣s ♦♥ st♦r✐❡s✳ ❲❡ ♣❡r❢♦r♠ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝❤❡❝❦
✹✶❖♥❡ ❞✐♠❡♥s✐♦♥ ❛❝r♦ss ✇❤✐❝❤ ❤❛r❞ ❛♥❞ s♦❢t ♥❡✇s st♦r✐❡s ❞✐✛❡r ✐s t❤❡ ✉♥❝♦♥❞✐t✐♦♥❛❧ ♠❡❛♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢
❝❧✐❝❦s✳ ❚❤❡ ✉♥❝♦♥❞✐t✐♦♥❛❧ ♠❡❛♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ❢♦r s♦❢t ❛rt✐❝❧❡s ✐s ♠✉❝❤ ❤✐❣❤❡r ❛t ✸✶✶✳✹✹ ❝♦♠♣❛r❡❞ t♦
✷✸✸✳✺✺ ❢♦r ❤❛r❞ ♥❡✇s✳
✹✷❚❤✐s ❡❝❤♦❡s t❤❡ s❡♥t✐♠❡♥ts ✐♥ t❤❡ ❆♠❡r✐❝❛♥ ❚✳❱✳ s❡r✐❡s ✏❚❤❡ ◆❡✇sr♦♦♠✑✱ ❜❛s❡❞ ♦♥ r❡❛❧ ✇♦r❧❞ ❜❡❤✐♥❞ t❤❡
s❝❡♥❡s ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s ❛♥❞ ❡✈❡♥ts✱ ✐♥ ✇❤✐❝❤ ❛♥ ❛❝t♦r ♦♥❝❡ r❡♠❛r❦❡❞✿ ✏■ ✉♥❞❡rst❛♥❞ ❤♦✇ ♠❛r❦❡t ❢♦r❝❡s ✇♦r❦ ✐♥
t❤❡ ♥❡✇s✱ ❜✉t ❥♦✉r♥❛❧✐sts ❤❛✈❡ ❛❧✇❛②s ❜❡❡♥ t❤❡ ♣❡♦♣❧❡ ♣✉s❤✐♥❣ ❜❛❝❦ ❛❣❛✐♥st t❤❡♠✳✳✳ ■❢ t❤♦s❡ r❡♣♦rt❡rs ✇❡r❡ ❜❡✐♥❣
♣❛✐❞ ♣❡r ♣❡rs♦♥ r❡❛❞✐♥❣ t❤❡✐r st♦r②✱ t❤❡ ❢r♦♥t ♣❛❣❡ ♦❢ t❤❡ ◆❡✇ ❨♦r❦ ❚✐♠❡s ✇♦✉❧❞ ❧♦♦❦ ❛ ❧♦t ❞✐✛❡r❡♥t✑✳
✷✹
t♦ t❡st ❢♦r s✉❝❤ ❛ str❛t❡❣② ♦❢ t❤❡ ♥❡✇s♣❛♣❡r✳ ❲❡ ❢♦❝✉s ♦♥ ❜✐❣ s♦❢t ❛♥❞ ❤❛r❞ ♥❡✇s ❡✈❡♥ts✱ ✇❤♦s❡
♦❝❝✉rr❡♥❝❡ ✐s ❡①♦❣❡♥♦✉s t♦ ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s✱ ❞✉r✐♥❣ ✷✵✶✷ ✇❤✐❝❤ ✇♦✉❧❞ ❤❛✈❡ t❤❡ ♣♦t❡♥t✐❛❧ t♦
❝r♦✇❞ ♦✉t ❡✐t❤❡r t②♣❡ ♦❢ ♥❡✇s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ ❝r❡❛t❡ ❛ ❧✐st ♦❢ t❤❡ ❜✐❣❣❡st ❝❡❧❡❜r✐t② s❝❛♥❞❛❧s ❛s
✇❡❧❧ ❛s ❛ ❧✐st ♦❢ ❛❧❧ t❤❡ ❜✐❣ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧s ✇❤✐❝❤ ❜r♦❦❡ ♦✉t ❞✉r✐♥❣ t❤❡ ②❡❛r✳ ❲❡ ❝♦♠♣✐❧❡ ❛
❧✐st ♦❢ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧s ❜❛s❡❞ ♦♥ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❲✐❦✐♣❡❞✐❛ ❛♥❞ ❢♦r ❡❛❝❤ ♦❢ t❤❡ s❡✈❡♥ s❝❛♥❞❛❧s✱
✇❡ ❧♦♦❦ ❛t t❤❡ ❞❛② t❤❡ s❝❛♥❞❛❧ ❜r♦❦❡ ♦✉t ♣❧✉s ♦♥❡ ❞❛② ✇❤✐❝❤ ❣✐✈❡s ✶✹ s❝❛♥❞❛❧ ❞❛②s✳ ❙✐♠✐❧❛r❧②✱ ✇❡
❝r❡❛t❡ ❛ ❧✐st ♦❢ t❤❡ ❜✐❣❣❡st ❝❡❧❡❜r✐t② s❝❛♥❞❛❧s ❛♥❞ ❧♦♦❦ ❛t t❤❡ ❞❛② ❡❛❝❤ ♦❢ t❤❡ s❡✈❡♥ s❝❛♥❞❛❧s ❜r♦❦❡
♦✉t ♣❧✉s ♦♥❡ ❞❛② ✇❤✐❝❤ ❣✐✈❡s ✉s ✶✹ s❝❛♥❞❛❧ ❞❛②s ❛s ✇❡❧❧✳ ❚♦ t❡st ♦✉r ❤②♣♦t❤❡s✐s t❤❛t ❤❛r❞ ♥❡✇s
❝r♦✇❞s ♦✉t s♦❢t ✭❛♥❞ ♥♦t ✈✐❝❡✲✈❡rs❛✮✱ ✇❡ ✜rst r❡❣r❡ss t❤❡ ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ❤❛r❞ ♥❡✇s
st♦r✐❡s ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ✐♥ ❛ ❞❛② ♦♥ ✇❤❡t❤❡r t❤❡r❡ ✇❛s ❛ ❝❡❧❡❜r✐t②
♦r ❛ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧ ❜r❡❛❦✐♥❣ ♦✉t ♦♥ t❤❛t ♣❛rt✐❝✉❧❛r ❞❛②✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ ❝♦❧✉♠♥ ✭✶✮
✐♥ ❚❛❜❧❡ ✶✸✱ ♦♥ s❝❛♥❞❛❧ ❞❛②s t❤❡r❡ ✐s ❛ ❞❡❝❧✐♥❡ ✐♥ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ❤❛r❞ ♥❡✇s
st♦r✐❡s ❜② ❛❜♦✉t ✼✳✺✪ ❛♥❞ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ✐s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵✪ ❧❡✈❡❧✳ ❖♥ t❤❡
♦t❤❡r ❤❛♥❞✱ ♦♥ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧ ❞❛②s ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s ✐♥❝r❡❛s❡s ❜② ❛❜♦✉t
✹✳✺✪ r❡❧❛t✐✈❡ t♦ s♦❢t ♥❡✇s ❛s s❡❡♥ ✐♥ ❝♦❧✉♠♥ ✭✷✮✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡r❡ ✐s ❛ ❞❡❝r❡❛s❡ ✐♥ ❤❛r❞ ♥❡✇s
❝❧✐❝❦s ♦♥ ❝❡❧❡❜r✐t② s❝❛♥❞❛❧ ❞❛②s✱ ✇❡ ❞♦ ♥♦t s❡❡ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ❝r♦✇❞✐♥❣ ♦✉t ♦❢ ❤❛r❞ ♥❡✇s ❜② s♦❢t
♥❡✇s ❛rt✐❝❧❡s ❛s s❡❡♥ ✐♥ ❝♦❧✉♠♥ ✭✷✮ ♦❢ ❚❛❜❧❡ ✶✸✳ ❲❡ r❡❣r❡ss t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s
♣✉❜❧✐s❤❡❞ ♦♥ ❛ ❞❛② ♦♥ ✇❤❡t❤❡r t❤❡r❡ ✇❛s ❛ ❝❡❧❡❜r✐t② s❝❛♥❞❛❧ ♦♥ t❤❛t ❞❛② t♦ ✜♥❞ ❛ st❛t✐st✐❝❛❧❧②
❛♥❞ ❡❝♦♥♦♠✐❝❛❧❧② ✐♥s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t✳ ❈♦♥tr❛st✐♥❣❧②✱ t❤❡r❡ ✐s ❛ ✷✳✷✪ ✐♥❝r❡❛s❡ ✭s✐❣♥✐✜❝❛♥t ❛t t❤❡
✺✪ ❧❡✈❡❧✮ ✐♥ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s ✇r✐tt❡♥ ♦♥ ❝♦rr✉♣t✐♦♥ s❝❛♥❞❛❧ ❞❛②s ❛s s❡❡♥ ✐♥
❝♦❧✉♠♥ ✭✹✮✳
❚❤❡s❡ r❡s✉❧ts ❢✉rt❤❡r str❡♥❣t❤❡♥ t❤❡ ✐♥t✉✐t✐♦♥ ❜❡❤✐♥❞ t❤❡ s❡❡♠✐♥❣❧② ❛s②♠♠❡tr✐❝ tr❡❛t♠❡♥t ♦❢
❞✐✛❡r❡♥t t②♣❡s ♦❢ ♥❡✇s st♦r✐❡s✹✸✳ ❚❤❡② ✐♠♣❧② t❤❛t ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s t♦ ❡①t❡♥❞ ❝♦✈❡r❛❣❡ ❜❛s❡❞
♦♥ ❝❧✐❝❦s ✈❛r② ❢♦r s♦❢t ❛♥❞ ❤❛r❞ ♥❡✇s✳ ❈♦♥tr❛r② t♦ ❡①t❛♥t ❝♦♥❝❡r♥s ❛❜♦✉t ❝❧✐❝❦✲❜❛✐t ❥♦✉r♥❛❧✐s♠✱
✇❤❡♥ ❡❞✐t♦r✐❛❧ ♣♦❧✐❝② r❡s♣♦♥❞s t♦ r❡❛❧ t✐♠❡ r❡❛❞❡r ❞❡♠❛♥❞s✱ ❤❛r❞ ♥❡✇s ❛r❡ ♠♦r❡ ❧✐❦❡❧② t♦ ❣❡t
❢♦❧❧♦✇ ✉♣s t❤❛♥ s♦❢t ♥❡✇s✱ ❛♥❞ ♥♦t ✈✐❝❡✲✈❡rs❛✳ ❲❤✐❧❡ ✇❡ ❝❛♥♥♦t ❤✐❣❤❧✐❣❤t ❛ ❝♦♥❝r❡t❡ ♠❡❝❤❛♥✐s♠
❢♦r ✇❤② ❡❞✐t♦rs tr❡❛t ❞✐✛❡r❡♥t t②♣❡s ♦❢ st♦r✐❡s ❞✐✛❡r❡♥t❧②✱ t❤❡ ✜rst st❛❣❡ r❡❣r❡ss✐♦♥s ❞♦ ❤✐❣❤❧✐❣❤t
❛ ♣♦t❡♥t✐❛❧ ❝❤❛♥♥❡❧✳ ❚❤❡ ❢❛❝t t❤❛t ❤❛r❞ ♥❡✇s ❝❧✐❝❦s ❛r❡ ♥♦t ❛s ❞♦✇♥✇❛r❞❧② ❡❧❛st✐❝ ✭s✐♥❝❡ ♣♦✇❡r
♦✉t❛❣❡s ❞♦ ♥♦t ❤❛✈❡ ❛♥ ✐♠♣❛❝t ♦♥ t❤❡♠✮ ❛s t❤❡ t❤❡ ❝❧✐❝❦s ♦♥ s♦❢t ♥❡✇s ✐♠♣❧✐❡s t❤❛t t❤❡ ❞❡♠❛♥❞
❢♦r ❤❛r❞ ♥❡✇s ✐s ♠♦r❡ st❛❜❧❡ t❤❛♥ s♦❢t ♥❡✇s✳ ❚❤✐s ✇♦✉❧❞ ✐♠♣❧②✱ ❢r♦♠ ❛ ❧♦♥❣ t❡r♠ ♣r♦✜t ♠❛①♠✐③✐♥❣
✹✸❲❡ ❛❧s♦ ✜♥❞ s✐♠✐❧❛r r❡s✉❧ts ✇❤❡♥ ✇❡ ❛♥❛❧②③❡ ♠♦r❡ ❵❡①♣❡❝t❡❞✬ ❡✈❡♥ts s✉❝❤ ❛s ❝r✐❝❦❡t ♠❛t❝❤❡s ♣❧❛②❡❞ ❜② t❤❡
■♥❞✐❛♥ t❡❛♠ ❛♥❞ t❤❡ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❛♥♥✉❛❧ ❜✉❞❣❡t ❜② t❤❡ ❋✐♥❛♥❝❡ ♠✐♥✐st❡r ♦❢ t❤❡ ❝♦✉♥tr②✳ ❘❡s✉❧ts ❛✈❛✐❧❛❜❧❡
✉♣♦♥ r❡q✉❡st✳
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♣❡rs♣❡❝t✐✈❡✱ t❤❛t t❤❡ ❡❞✐t♦rs s❤♦✉❧❞ ❝❛t❡r t♦ t❤❡ ♣r❡❢❡r❡♥❝❡s ♦❢ t❤❡✐r st❛❜❧❡ r❡❛❞❡rs❤✐♣ ✇❤✐❝❤ ❛r❡
t❤♦s❡ ✇❤♦ ❝❧✐❝❦ ♦♥ t❤❡ ❤❛r❞ ♥❡✇s st♦r✐❡s✳ ❆♥ ❛❧t❡r♥❛t✐✈❡ ❡①♣❧❛♥❛t✐♦♥ ❝♦✉❧❞ ❜❡ t❤❛t ❤❛r❞ ❛♥❞ s♦❢t
♥❡✇s st♦r✐❡s ❛r❡ ♣r✐❝❡❞ ❞✐✛❡r❡♥t❧② ✐♥ t❡r♠s ♦❢ ❛❞✈❡rt✐s❡♠❡♥ts✳ ❈♦♥✈❡rs❛t✐♦♥s ✇✐t❤ t❤❡ ❡❞✐t♦rs
❛♥❞ ❜✉s✐♥❡ss ❤❡❛❞s ♦❢ ❞✐✛❡r❡♥t ♥❡✇s♣❛♣❡rs ✭✐♥❝❧✉❞✐♥❣ t❤❡ ♦♥❡ ✇❤✐❝❤ ✇❡ ❛♥❛❧②s❡✮ ❛♥❞ ❡①❛♠✐♥✐♥❣
t❤❡✐r ❞❛t❛❜❛s❡ s❤♦✇❡❞ t❤❛t ❞✐✛❡r❡♥t ♥❡✇s ♣❛❣❡s ✇❡r❡ ♥♦t ♣r✐❝❡❞ ❞✐✛❡r❡♥t❧②✳✹✹
✽ ❈r♦✇❞✐♥❣ ❖✉t ♦❢ ◆❡✇s
■♥ t❤✐s s❡❝t✐♦♥ ✇❡ ❞✐s❝✉ss t❤❡ ✐♠♣❛❝t ♦❢ ♣❛❣❡ ✈✐❡✇s ♦♥ ❝♦✈❡r❛❣❡ ❞r✐✈❡♥ ❜② r❛✐♥❢❛❧❧ ❛♥❞ ❡❧❡❝tr✐❝✐t②
s❤♦rt❛❣❡s✱ ❛♥❞ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ✐t ♠✐❣❤t ❤❛✈❡ ❢♦r ✐♥❢♦r♠❛t✐♦♥ ♣r♦✈✐s✐♦♥ ❛♥❞ t❤❡ ♥❡✇s♣❛♣❡r✬s
♣r♦✜ts✳ ❲❡ ❡st❛❜❧✐s❤❡❞ ❡❛r❧✐❡r t❤❛t ♦♥ ❛✈❡r❛❣❡ st♦r✐❡s ♣✉❜❧✐s❤❡❞ ♦♥ ❛ r❛✐♥② ❞❛②✱ ❢♦r ❡①❛♠♣❧❡✱
✇♦✉❧❞ ♥♦t ❤❛✈❡ r❡❝❡✐✈❡❞ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡ ❤❛❞ ✐t ♥♦t r❛✐♥❡❞✳ ❚❤✉s✱ ♦♥❡ ♠✐❣❤t ❝❧❛✐♠ t❤❛t
t❤❡ ♥❡✇s♣❛♣❡r ✐s ♠✐s✐♥t❡r♣r❡t✐♥❣ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝❧✐❝❦s ❞✉❡ t♦ r❛✐♥ ❛s ❵tr✉❡✬ r❡❛❞❡r ✐♥t❡r❡st ✇❤✐❝❤
✐♥ t✉r♥✱ ✐s ❞r✐✈✐♥❣ ❡❞✐t♦r✐❛❧ ❝♦✈❡r❛❣❡✳
❈♦✉♥t❡r t♦ t❤✐s ❛r❣✉♠❡♥t✱ ❡❞✐t♦rs ♠❛② ❜❡ ♣✉❜❧✐s❤✐♥❣ ♠♦r❡ ❛rt✐❝❧❡s ♦♥ t❤❡ s❛♠❡ st♦r② ❜❡❝❛✉s❡
t❤❡② ❜❡❧✐❡✈❡ t❤❛t r❡❛❞❡rs ✇❛♥t t♦ r❡❛❞ ♠♦r❡ ♦♥ st♦r✐❡s t❤❛t t❤❡② ❛r❡ ❢❛♠✐❧✐❛r ✇✐t❤✳ ■❢ t❤✐s ❤♦❧❞s✱ ✐♥
♦t❤❡r ❝❛s❡s ✇❤❡r❡ t❤❡r❡ ✐s ❛♥ ❡①♦❣❡♥♦✉s ✐♥❝r❡❛s❡ ✐♥ r❡❛❞❡rs✬ ❛tt❡♥t✐♦♥ ❛♥❞ ❝❧✐❝❦s ♦♥ ♥❡✇s st♦r✐❡s✱
❡❞✐t♦rs s❤♦✉❧❞ ❡①t❡♥❞ ❝♦✈❡r❛❣❡ ❛s ✇❡❧❧✳ ❲❡ ❧♦♦❦ ❛t ❛ ♣❛rt✐❝✉❧❛r ❝♦♥t❡①t t♦ t❡st t❤✐s ♣r❡❞✐❝t✐♦♥✿
♥❛t✐♦♥❛❧ ❤♦❧✐❞❛②s✳ ■♥ ❝♦❧✉♠♥s ✭✶✮✲✭✸✮ ♦❢ ❚❛❜❧❡ ✶✹✱ ❢♦r ♥❛t✐♦♥❛❧ ❤♦❧✐❞❛②s✱ t❤❡r❡ ✐s ❛ st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ t❤❡ st♦r② ♣✉❜❧✐s❤❡❞ ♦♥
t❤❛t ❞❛② ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✜rst st❛❣❡ ❡st✐♠❛t✐♦♥✳ ❚❤❡r❡ ✐s ❛ ✶✵✪✲✶✸✪ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s
♦♥ ♥❛t✐♦♥❛❧ ❤♦❧✐❞❛②s ✇❤✐❝❤ ✐s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ✐♥❝r❡❛s❡ ♦❢ ✽✳✷✪ ❞✉❡ t♦ r❛✐♥❢❛❧❧✳ ❙t❛t✐st✐❝❛❧❧②✱
t❤❡ ❋ st❛t✐st✐❝ ❢♦r t❤❡ ✜rst st❛❣❡ ✐s ✇❡❧❧ ❜❡②♦♥❞ t❤❡ r❡q✉✐r❡❞ t❤r❡s❤♦❧❞ ♦❢ ✶✵✳ ❋♦r t❤❡ s❡❝♦♥❞
st❛❣❡ r❡s✉❧ts✱ ❛s s❡❡♥ ✐♥ ❝♦❧✉♠♥s ✭✹✮✲✭✻✮✱ ✇❡ ✜♥❞ t❤❛t ✐♥str✉♠❡♥t✐♥❣ ❝❧✐❝❦s ❜② ♥❛t✐♦♥❛❧ ❤♦❧✐❞❛②s
❞♦❡s ♥♦t ❧❡❛❞ t♦ ❛ r♦❜✉st ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ ❝♦✈❡r❛❣❡✳ ■♥ ❝♦❧✉♠♥ ✭✺✮✱ ✇❡ ✜♥❞ ❛
♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ❜✉t t❤✐s ❞✐s❛♣♣❡❛rs ❛s s♦♦♥ ❛s ✇❡ ✐♥❝❧✉❞❡ ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ✐♥
❝♦❧✉♠♥ ✭✻✮✳
■❢ t❤❡ ♥❡✇s♣❛♣❡r ✇❛s ✐♥ ❢❛❝t ❡①♣❧♦✐t✐♥❣ r❡❛❞❡rs✬ ♣r❡❢❡r❡♥❝❡ t♦ ❤❡❛r ♠♦r❡ ♦♥ st♦r✐❡s t❤❛t t❤❡②
❛❧r❡❛❞② ❦♥♦✇✱ t❤❡♥ ✇❡ ✇♦✉❧❞ ❡①♣❡❝t ❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦❢ ❝❧✐❝❦s ♦♥ ❝♦✈❡r❛❣❡ ✇❤❡♥
✹✹❚❤❡r❡ ✇❡r❡ t✇♦ t②♣❡s ♦❢ ❛❞s ✇❤✐❝❤ ❛r❡ ✉s❡❞ ❜② ♥❡✇s ✇❡❜s✐t❡s✳ ❖♥❡ ✐s ❛ ❞r♦♣ ❞♦✇♥ ❜❛♥♥❡r ❛❞ ❣❡♥❡r❛❧❧② ❞✐s♣❧❛②❡❞
✇❤❡♥ ❛ r❡❛❞❡r ❧❛♥❞s ♦♥ t❤❡ ❤♦♠❡♣❛❣❡✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡ ✐s ❜❛s❡❞ ♣❧❛✐♥❧② ♦♥ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✈✐❡✇s✴✉♥✐q✉❡ ✈✐❡✇s✳
❲❡ ❞✐❞ ♥♦t ✜♥❞ ❛♥② ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ✇❛② ❤❛r❞ ❛♥❞ s♦❢t ♣❛❣❡s ✇❡r❡ ❣❡♥❡r❛t✐♥❣ r❡✈❡♥✉❡ ❜❛s❡❞ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢
✈✐❡✇s✳ ❚❤✐s ✇❛s t❤❡ s✐t✉❛t✐♦♥ t✐❧❧ t❤❡ ❡♥❞ ♦❢ ✷✵✶✹ ✇❤❡♥ ✇❡ ❧❛st ❛❝❝❡ss❡❞ t❤❡✐r ❞❛t❛❜❛s❡✳
✷✻
✐♥str✉♠❡♥t❡❞ ❢♦r ❜② ♥❛t✐♦♥❛❧ ❤♦❧✐❞❛②s✳ ❚❤❡ ❢❛❝t t❤❛t ✇❡ ❞♦ ♥♦t ✜♥❞ ❡✈✐❞❡♥❝❡ ♦❢ t❤✐s s✉❣❣❡sts
t❤❛t t❤❡ ❡❞✐t♦r✱ ❛♥t✐❝✐♣❛t✐♥❣ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❛tt❡♥t✐♦♥ ♦♥ t❤❡s❡ ❞❛②s✱ ❞♦❡s ♥♦t r❡s♣♦♥❞ t♦ ❝❧✐❝❦s
✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ✐ss✉❡ ❝♦✈❡r❛❣❡✳
❲❡ ♣r♦✈✐❞❡ ❛ s❡❝♦♥❞ ♣✐❡❝❡ ♦❢ s✉❣❣❡st✐✈❡ ❡✈✐❞❡♥❝❡ ✐♥ ❧✐♥❡ ✇✐t❤ t❤✐s ❤②♣♦t❤❡s✐s✳ ■❢ t❤❡ ❝❧✐❝❦s ❝♦♠✐♥❣
❢r♦♠ r❛✐♥ ❞♦ ❛❝t✉❛❧❧② r❡♣r❡s❡♥t tr✉❡ r❡❛❞❡r ♣r❡❢❡r❡♥❝❡s t❤❡♥ ✇❡ s❤♦✉❧❞ ♦❜s❡r✈❡ ❛♥ ✐♥❝r❡❛s❡ ✐♥
t❤❡ ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s r❡❝❡✐✈❡❞ ❜② t❤❡ ❢♦❧❧♦✇✲✉♣ ❛rt✐❝❧❡ r❡❧❛t✐✈❡ t♦ ❛ ❢♦❧❧♦✇ ✉♣ ❛rt✐❝❧❡ ♦♥ ❛ st♦r②
♣✉❜❧✐s❤❡❞ ♦♥ ❛ ♥♦♥✲r❛✐♥② ❞❛②✳ ■♥ ❚❛❜❧❡ ✶✺✱ ✇❡ r❡❣r❡ss ✇❤❡t❤❡r t❤❡ ✜rst ❛rt✐❝❧❡ ♦❢ ❛ st♦r② ✇❛s
♣✉❜❧✐s❤❡❞ ♦♥ ❛ r❛✐♥② ❞❛② ♦♥ t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ s❡❝♦♥❞ ❛rt✐❝❧❡ ♦❢ t❤❡ st♦r②✳ ■♥ ❝♦❧✉♠♥
✭✶✮ ✇❡ ✜♥❞ t❤❛t✱ ✐❢ t❤❡ ✜rst ❛rt✐❝❧❡ ✇❛s ♣✉❜❧✐s❤❡❞ ♦♥ ❛ r❛✐♥② ❞❛② t❤❡♥ t❤❡ s❡❝♦♥❞ ❛rt✐❝❧❡ ❣❡ts ❛
s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r ♥✉♠❜❡r ♦❢ ✈✐❡✇s ✭s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵✪ ❧❡✈❡❧✮ ✇✐t❤ ❛ ♠❛❣♥✐t✉❞❡ ♦❢ ✻✪✳ ❚❤✐s
r❡❧❛t✐♦♥s❤✐♣✱ t❤♦✉❣❤✱ ✐s ♥♦t r♦❜✉st ❛s t❤❡ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ❣♦❡s ❛✇❛② ✇❤❡♥ ✇❡ ❛❞❞ s❡❝t✐♦♥
❛♥❞ ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ✐♥ ❝♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮✱ ♣♦ss✐❜❧② ❞✉❡ t♦ t❤❡ s♠❛❧❧ s❛♠♣❧❡ s✐③❡✳ ❚❤❡
♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts ✐♥ ❝♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮✱ ❜❡t✇❡❡♥ ✹✪✲✻✪✱ st✐❧❧ r❡♠❛✐♥ s✐♠✐❧❛r t♦ t❤❡
♦♥❡ ❢♦✉♥❞ ✐♥ ❝♦❧✉♠♥ ✭✶✮✳ ❚❤❡s❡ r❡s✉❧ts ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ❢♦❧❧♦✇ ✉♣ ❛rt✐❝❧❡s ❞♦ ♥♦t s❡❡
❛♥ ✐♥❝r❡❛s❡ ✐♥ ❝❧✐❝❦s r❡❧❛t✐✈❡ t♦ t❤♦s❡ ♣✉❜❧✐s❤❡❞ ♦♥ ♥♦♥✲r❛✐♥② ❞❛②s✱ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ❤②♣♦t❤❡s✐s
t❤❛t t❤❡ ❡❞✐t♦r ♠✐❣❤t ❜❡ ♠✐s✐♥t❡r♣r❡t✐♥❣ ❝❧✐❝❦s ❞✉❡ t♦ r❛✐♥❢❛❧❧✳
❲❡ ❜❡❧✐❡✈❡ t♦ ❤❛✈❡ ✐❞❡♥t✐✜❡❞ ❛ ❝❤❛♥♥❡❧ ✐♥ ✇❤✐❝❤ ❡❞✐t♦r✐❛❧ ❢♦❝✉s ♦♥ ❝❧✐❝❦s ❧❡❛❞s t♦ ❡①❝❡ss✐✈❡ ❝r♦✇❞✲
✐♥❣ ♦✉t ♦❢ ♥❡✇ ✐♥❢♦r♠❛t✐♦♥ ✇❤✐❝❤ ♠✐❣❤t ❤❛♠♣❡r t❤❡ ♦✈❡r❛❧❧ ✐♥❢♦r♠❛t✐♦♥ ♣r♦✈✐s✐♦♥ t♦ t❤❡ r❡❛❞❡rs✳
▼♦r❡♦✈❡r✱ ❝❧✐❝❦s✱ ✉♥r❡❧❛t❡❞ t♦ ❵tr✉❡✬ r❡❛❞❡r ❞❡♠❛♥❞ ♠✐❣❤t ❜❡ ❞❡tr✐♠❡♥t❛❧ t♦ t❤❡ ♥❡✇s♣❛♣❡r✬s
r❡✈❡♥✉❡✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❢❛❝t t❤❛t ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ r❛✐♥ t❤❡ ❡❞✐t♦r ✇♦✉❧❞ ❤❛✈❡ ♠❛❞❡ ❞✐✛❡r❡♥t
❝♦✈❡r❛❣❡ ❞❡❝✐s✐♦♥s ♠✐❣❤t ✐♠♣❧② t❤❛t t❤❡ ♥❡✇s♣❛♣❡r ✐s ❧❡❛✈✐♥❣ s♦♠❡ ♠♦♥❡② ♦♥ t❤❡ t❛❜❧❡✳
✾ ❘♦❜✉st♥❡ss ❈❤❡❝❦s
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❝❛rr② ♦✉t ❛ s❡r✐❡s ♦❢ ❝❤❡❝❦s t♦ ❡♥s✉r❡ t❤❛t ♦✉r r❡s✉❧ts ❛r❡ ✐♥✈❛r✐❛♥t t♦ ♣❧❛✉s✐❜❧❡
❝❤❛♥❣❡s ✐♥ t❤❡ ❜❛s❡❧✐♥❡ s♣❡❝✐✜❝❛t✐♦♥s✳ ❋✐rst✱ ✇❡ ❧♦♦❦ ❛t t❤❡ r♦❜✉st♥❡ss ♦❢ t❤❡ r❡s✉❧ts t♦ ✉s✐♥❣ ❛
❞✐✛❡r❡♥t t❤♦✉❣❤ ❝♦♥♥❡❝t❡❞ ♠❡❛s✉r❡ ♦❢ ♣♦♣✉❧❛r✐t②✿ ❯♥✐q✉❡ ✈✐❡✇s✳ ❙❡❝♦♥❞✱ ✇❡ ❧♦♦❦ ❛t ✇❤❡t❤❡r
✉s✐♥❣ ♣♦✇❡r s❤♦rt❛❣❡s ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✱ ❛s ♦♣♣♦s❡❞ ❛❜s♦❧✉t❡ ♣♦✇❡r s❤♦rt✲
❛❣❡s✱ ❝❤❛♥❣❡s t❤❡ ❝♦r❡ r❡s✉❧ts✳ ◆❡①t✱ ✇❡ ❡st✐♠❛t❡ ❞✉r❛t✐♦♥ ❛♥❞ ♣♦✐ss♦♥ ♠♦❞❡❧s ❛♥❞ ❝♦♠♣❛r❡
t❤❡ ❡st✐♠❛t❡s t♦ t❤❡ ✷s❧s ❛♥❞ ❚♦❜✐t s♣❡❝✐✜❝❛t✐♦♥s✳ ❋✐♥❛❧❧②✱ ✇❡ ❛❞❞r❡ss t❤❡ ✐ss✉❡ ♦❢ ♦✉t❧✐❡rs ❜②
r❡✲❡st✐♠❛t✐♥❣ ♦✉r ♠♦❞❡❧ ❛❢t❡r ❞r♦♣♣✐♥❣ ♦✉t❧✐❡rs ❛❧♦♥❣ ❞✐✛❡r❡♥t ❞✐♠❡♥s✐♦♥s✳
✷✼
✾✳✶ ❯♥✐q✉❡ ❱✐❡✇s ❛s P♦♣✉❧❛r✐t② ▼❡❛s✉r❡
■♥ ♦✉r ❜❛s❡❧✐♥❡ ❛♥❛❧②s✐s✱ ✇❡ ❤❛✈❡ ✉s❡❞ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② ❛ st♦r② ❛s t❤❡
♠❡❛s✉r❡ ♦❢ ♣♦♣✉❧❛r✐t②✳ ❲❤✐❧❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣❛❣❡ ✈✐❡✇s ✐s ✉s❡❞ ❜② ♥❡✇s♣❛♣❡rs t♦ ♣r✐❝❡
❛❞✈❡rt✐s❡♠❡♥ts✱ ♦❢t❡♥ t❤✐s ♠❡❛s✉r❡ ✐s ❝♦♠♣❧❡♠❡♥t❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ✉♥✐q✉❡ ✈✐❡✇s✹✺✳ ❍❡♥❝❡✱
✇❡ r❡✲❡st✐♠❛t❡ ♦✉r ♠♦❞❡❧ ✉s✐♥❣ ✉♥✐q✉❡ ✈✐❡✇s ❛s t❤❡ ✐♥❞✐❝❛t♦r ♦❢ st♦r② ❛♣♣❡❛❧✳
■♥ ❚❛❜❧❡ ✶✻✱ ✐♥ t❤❡ ✜rst st❛❣❡ r❡❣r❡ss✐♦♥s✱ ✇❡ ✜♥❞ t❤❛t t❤❡ ✐♥str✉♠❡♥ts ❛r❡ st✐❧❧ str♦♥❣ ✇✐t❤ ❜♦t❤
r❛✐♥ ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡s ❜❡✐♥❣ ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ ❋ st❛t✐st✐❝ ❢♦r r❛✐♥❢❛❧❧ ❛♥❞ t❤❡ ♣♦✇❡r ♦✉t❛❣❡
✐♥str✉♠❡♥ts ✐s ♦✈❡r ✶✵ ❢♦r ❛❧❧ s♣❡❝✐✜❝❛t✐♦♥s✳ ■♥ t❤❡ s❡❝♦♥❞ st❛❣❡ ✐♥ ❝♦❧✉♠♥s ✭✹✮ ❛♥❞ ✭✺✮✱ ✇❡
✜♥❞ t❤❛t t❤❡ ✐♠♣❛❝t ♦❢ ✉♥✐q✉❡ ✈✐❡✇s ✐s ❡①tr❡♠❡❧② s✐♠✐❧❛r t♦ t❤❛t ♦❢ t♦t❛❧ ✈✐❡✇s✳ ❋♦r ❡①❛♠♣❧❡✱
✇❤❡♥ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ st♦r② ❛♥❞ t❤❡ ❝♦❡✣❝✐❡♥t ♦♥ ✉♥✐q✉❡ ✈✐❡✇s ✐s ✷✳✵✹
✇❤✐❝❤ ✐s ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❡st✐♠❛t❡ ♦❢ ✷✳✵✻ ❢♦✉♥❞ ✐♥ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ✉s✐♥❣ t♦t❛❧ ✈✐❡✇s✳ ❲❤❡♥
t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ ❛ st♦r②✱ t❤❡ ❝♦❡✣❝✐❡♥ts ♦♥ ✉♥✐q✉❡ ✈✐❡✇s
✐s ✵✳✷✶ ✭❝♦❧✉♠♥ ✹✮ ✱ ✇❤✐❝❤ ❛r❡ ❝♦♠♣❛r❛❜❧❡ ✐♥ ♠❛❣♥✐t✉❞❡ t♦ ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts✱ ❡❝♦♥♦♠✐❝❛❧❧②
❛♥❞ st❛t✐st✐❝❛❧❧②✳ ❚❤✉s✱ ♦✉r ❜❡♥❝❤♠❛r❦ r❡s✉❧ts ❛r❡ r♦❜✉st t♦ ✉s✐♥❣ ✉♥✐q✉❡ ✈✐❡✇s ❛s ❛♥ ❛❧t❡r♥❛t❡
♠❡❛s✉r❡ ♦❢ ♣♦♣✉❧❛r✐t②✳
✾✳✷ ❯s✐♥❣ ❲✐t❤✐♥✲▼♦♥t❤ ❱❛r✐❛t✐♦♥ ✐♥ ❘❛✐♥❢❛❧❧ ❛♥❞ ❖✉t❛❣❡s
■♥ t❤❡ ♠❛✐♥ ♠♦❞❡❧✱ t♦t❛❧ ♣♦✇❡r ♦✉t❛❣❡ ✐♥ ❉❡❧❤✐ ❛♥❞ ▼❛❤❛r❛s❤tr❛ ❛r❡ ✉s❡❞ ❛s ❛♥ ✐♥str✉♠❡♥t
❛❧♦♥❣ ✇✐t❤ r❛✐♥❢❛❧❧ ❛❝r♦ss ❉❡❧❤✐ ❛♥❞ ▼✉♠❜❛✐✳ ❈♦♥tr♦❧❧✐♥❣ ❢♦r ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ❛❝❝♦✉♥ts ❢♦r
s❡❛s♦♥❛❧ ❢❛❝t♦rs ✇❤✐❝❤ ❡✛❡❝t ❜♦t❤ r❛✐♥❢❛❧❧ ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡s✱ ❜✉t ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡
✈❛r✐❛t✐♦♥ ✐♥ t❤❡ s❡✈❡r✐t② ♦❢ ♣♦✇❡r s❤♦rt❛❣❡s ♦r r❛✐♥❢❛❧❧ ✇✐t❤✐♥ ❛ ♠♦♥t❤✳ ❚♦ ❡①♣❧✐❝✐t❧② t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t ✇✐t❤✐♥✲♠♦♥t❤ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ ♣♦✇❡r ♦✉t❛❣❡s✱ ✇❡ ✉s❡ t❤❡ t♦t❛❧ ❞❛✐❧② ♣♦✇❡r s❤♦rt❛❣❡s ✐♥
❉❡❧❤✐ ❛♥❞ ▼❛❤❛r❛s❤tr❛ ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ t♦t❛❧ ❞❛✐❧② ❝♦♥s✉♠♣t✐♦♥ ❛❝r♦ss t❤❡ t✇♦ ❝✐t✐❡s✹✻✳ ❚♦
❛❝❝♦✉♥t ❢♦r ✇✐t❤✐♥✲♠♦♥t❤ ✈❛r✐❛t✐♦♥ ✐♥ r❛✐♥❢❛❧❧✱ ✇❡ r❡✲❡st✐♠❛t❡ ♦✉r ❜❛s❡❧✐♥❡ s♣❡❝✐✜❝❛t✐♦♥s ✉s✐♥❣
t❤❡ t♦t❛❧ ❞❛✐❧② r❛✐♥❢❛❧❧ ❛❝r♦ss ❉❡❧❤✐ ❛♥❞ ▼✉♠❜❛✐ ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ t♦t❛❧ ♠♦♥t❤❧② r❛✐♥❢❛❧❧
❛❝r♦ss t❤❡ t✇♦ ❝✐t✐❡s✳
❚❤❡ r❡s✉❧ts✱ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✶✼✱ ❛r❡ r❡♠❛r❦❛❜❧② s✐♠✐❧❛r t♦ t❤♦s❡ ✐♥ ♦✉r ❜❛s❡❧✐♥❡ s❡tt✐♥❣✳ ❚❤❡
❞✐r❡❝t✐♦♥ ❛♥❞ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ ❡✛❡❝t ♦❢ ✈✐❡✇s ♦♥ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ st♦r② ✭❝♦❧✉♠♥ ✭✶✮✮ ❛♥❞ t❤❡
♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ❛s ♣❛rt ♦❢ t❤❡ st♦r② ✭❝♦❧✉♠♥ ✭✷✮✮✱ ✇❤❡♥ ✉s✐♥❣ ♣♦✇❡r ♦✉t❛❣❡s ❛s ❛ s❤❛r❡ ♦❢
✹✺❈♦♥✈❡rs❛t✐♦♥s ✇✐t❤ t❤❡ ♦✇♥❡rs ❛s ✇❡❧❧ ❛s t❤❡ ❡❞✐t♦r ♦❢ t❤❡ ♥❡✇s♣❛♣❡r ♣♦✐♥t❡❞ ✐♥ t❤✐s ❞✐r❡❝t✐♦♥✳
✹✻❖♥ ❛✈❡r❛❣❡✱ t❤❡ ❞❛✐❧② ♣♦✇❡r s❤♦rt❛❣❡ ❛❝r♦ss ❉❡❧❤✐ ❛♥❞ ▼❛❤❛r❛s❤tr❛ ✐s ❛❜♦✉t ✺✪ ♦❢ t❤❡ t♦t❛❧ ❞❛✐❧② ❝♦♥s✉♠♣t✐♦♥✳
✷✽
❝♦♥s✉♠♣t✐♦♥✱ ❛r❡ ❝❧♦s❡ t♦ ♦✉r ❜❛s✐❝ s♣❡❝✐✜❝❛t✐♦♥s ❣✐✈❡♥ ✐♥ ❚❛❜❧❡s ✻ ❛♥❞ ✼✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ✷s❧s
❡st✐♠❛t❡ ✭✇❤❡♥ t❤❡ ❝♦✈❡r❛❣❡ ✈❛r✐❛❜❧❡ ✐s st♦r② ❧❡♥❣t❤✮ ✐s ✷✳✵✾ ✇❤✐❝❤ ✐s ❛❧♠♦st ❡①❛❝t❧② t❤❡ s❛♠❡ ❛s
t❤❡ ❜❛s❡❧✐♥❡ ❡st✐♠❛t❡✳ ❙✐♠✐❧❛r❧② ✇❤❡♥ t❤❡ ♦✉t❝♦♠❡ ✈❛r✐❛❜❧❡ ✐s ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s✱ t❤❡ ❡st✐♠❛t❡
✐s ✵✳✷✸✽ ✇❤✐❝❤ ✐s ❝❧♦s❡ t♦ t❤❡ ✈❛❧✉❡ ♦❢ ✵✳✷✸✼ ❢r♦♠ ♦✉r ❜❛s❡❧✐♥❡ s❡tt✐♥❣✳ ■♥ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮✱
✇❡ ✉s❡ t❤❡ t♦t❛❧ ❞❛✐❧② r❛✐♥❢❛❧❧ ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ t♦t❛❧ ♠♦♥t❤❧② r❛✐♥❢❛❧❧ ❛s t❤❡ ✐♥str✉♠❡♥t
✐♥st❡❛❞ ♦❢ ✉s✐♥❣ ❛ r❛✐♥ ❞✉♠♠② ❛s ✐♥ t❤❡ ❜❛s❡❧✐♥❡ s♣❡❝✐✜❝❛t✐♦♥s✳ ❆s ✐♥ t❤❡ ❝❛s❡ ♦❢ ♣♦✇❡r ♦✉t❛❣❡s✱
t❤❡ r❡s✉❧ts ❛r❡ q✉❛❧✐t❛t✐✈❡❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧② s✐♠✐❧❛r t♦ ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts✳ ❚❤❡s❡ r♦❜✉st♥❡ss
❝❤❡❝❦s ✈❛❧✐❞❛t❡ ♦✉r ✜♥❞✐♥❣s ❢r♦♠ t❤❡ ■❱ str❛t❡❣②✳
✾✳✸ ❉✉r❛t✐♦♥ ❛♥❞ P♦✐ss♦♥ ▼♦❞❡❧ ❊st✐♠❛t❡s
❆s ❛ r♦❜✉st♥❡ss ❝❤❡❝❦✱ ✇❡ ✜rst r❡✲❡st✐♠❛t❡ ♦✉r s♣❡❝✐✜❝❛t✐♦♥s ✉s✐♥❣ ❛♥ ❆❝❝❡❧❡r❛t❡❞ ❋❛✐❧✉r❡ ❚✐♠❡
✭❆❋❚✮ ♠♦❞❡❧✳ ❊✈❡♥ t❤♦✉❣❤ s✉❝❤ ❞✉r❛t✐♦♥ ♠♦❞❡❧s ❛r❡ ♥♦t ❡❛s✐❧② ❛♠❡♥❛❜❧❡ t♦ ❡♥❞♦❣❡♥❡✐t② ✐ss✉❡s
✭●♦✇r✐s❛♥❦❛r❛♥ ❛♥❞ ❚♦✇♥ ✭✶✾✾✾✮✱ ❇✐❥✇❛❛r❞ ✭✷✵✵✽✮✮✱ ✇❡ ♣r❡s❡♥t t❤❡ r❡s✉❧ts ❤❡r❡ t♦ ❝❤❡❝❦ ✇❤❡t❤❡r
♦✉r ❡st✐♠❛t✐♦♥ r❡s✉❧ts st❛♥❞ t❤❡ t❡st ♦❢ ❛ ❞✐✛❡r❡♥t ❡st✐♠❛t✐♦♥ t❡❝❤♥✐q✉❡✳
❲❡ r✉♥ t❤❡ ✜rst st❛❣❡ r❡❣r❡ss✐♦♥ t♦ ✐♥str✉♠❡♥t ❢♦r ❝❧✐❝❦s ❛♥❞ t❤❡♥ t❛❦❡ t❤❡ ♣r❡❞✐❝t❡❞ ✈❛❧✉❡s ❛♥❞
❡st✐♠❛t❡ ❛ ❞✉r❛t✐♦♥ ♠♦❞❡❧ ✐♥ t❤❡ s❡❝♦♥❞ st❛❣❡✳ ❈♦❧✉♠♥s ✭✶✮✲✭✸✮ ♦❢ ❚❛❜❧❡ ✶✽ s❤♦✇s t❤❡ ❤❛③❛r❞
r❛t❡s ♦❢ t❤❡ st♦r②✱ ✐♥ t❡r♠s ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s✱ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞✳ ❚❤❡
❝♦❡✣❝✐❡♥t ♦♥ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ ♣r❡❞✐❝t❡❞ ✈✐❡✇s ✐s ♣♦s✐t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✪
❧❡✈❡❧✳ ■♠♣♦rt❛♥t❧②✱ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤✐s ❝♦❡✣❝✐❡♥t ✐s ❧❡ss t❤❛♥ ✶ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t st♦r✐❡s
✇✐t❤ ❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ❤❛✈❡ ❛ ❧♦✇❡r ❤❛③❛r❞ r❛t❡✱ ♦r✱ ❡q✉✐✈❛❧❡♥t❧②✱ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❣❡tt✐♥❣
❛ ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s✱ st♦r✐❡s ✇✐❧❧ ❧❛st ❧♦♥❣❡r✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ ❛ ❤❛③❛r❞ ♠♦❞❡❧ ✇✐t❤ st♦r②
❧❡♥❣t❤ ✐♥st❡❛❞ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ②✐❡❧❞s q✉❛❧✐t❛t✐✈❡❧② s✐♠✐❧❛r r❡s✉❧ts✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠
❝♦❧✉♠♥s ✭✹✮✲✭✻✮ ♦❢ ❚❛❜❧❡ ✶✽✳
❆s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝❤❡❝❦✱ ✇❡ ❛❧s♦ ❡st✐♠❛t❡ ❛ ♣♦✐ss♦♥ ♠♦❞❡❧ ✇❤❡r❡ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐s t❤❡
❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳ ❚❤✐s ✐s ❛♣♣r♦♣r✐❛t❡ ❝♦♥s✐❞❡r✐♥❣ t❤❛t t❤✐s ✐s ❛ ❝♦✉♥t ✈❛r✐❛❜❧❡✳ ❙✐♠✐❧❛r t♦
❡❛r❧✐❡r ❛♥❛❧②s❡s✱ ✇❡ ✉s❡ t❤❡ ♣r❡❞✐❝t❡❞ ✈❛❧✉❡s ♦❢ ✈✐❡✇s ❢r♦♠ t❤❡ ✜rst st❛❣❡ ❛♥❞ ❡st✐♠❛t❡ ✐ts ✐♠♣❛❝t
♦♥ ❝♦✈❡r❛❣❡ ✐♥ t❤❡ s❡❝♦♥❞ st❛❣❡✳ ❚❛❜❧❡ ✶✾ s❤♦✇s t❤❛t t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ ♣r❡❞✐❝t❡❞ ✈✐❡✇s ❤❛s
❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ❛t t❤❡ ✶✪ ❧❡✈❡❧✳ ▼♦r❡♦✈❡r✱ t❤❡ ❡st✐♠❛t❡s ❛r❡ st❛❜❧❡ ❛❝r♦ss
s♣❡❝✐✜❝❛t✐♦♥s✱ ❡✈❡♥ ✇❤❡♥ ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts ❛r❡ ✐♥tr♦❞✉❝❡❞ ✭❝♦❧✉♠♥ ✭✸✮✮✳
❚❤❡s❡ r❡s✉❧ts ❣✐✈❡ ✉s ❢✉rt❤❡r ❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡ ❜❛s❡❧✐♥❡ ❡st✐♠❛t❡s✳ ❚❤❡ ❆❋❚ ❛♥❞ P♦✐ss♦♥ ♠♦❞❡❧s
✐♠♣❧② t❤❛t t❤❡ q✉❛❧✐t❛t✐✈❡ t❛❦❡❛✇❛② ❢r♦♠ t❤❡s❡ r❡s✉❧ts ✐s t❤❡ s❛♠❡ ❛s ✇❤❛t ✇❡ s❛✇ ✐♥ t❤❡ ✷s❧s ♦r
❚♦❜✐t ❡st✐♠❛t✐♦♥s✳
✷✾
✾✳✹ ❉❡❛❧✐♥❣ ✇✐t❤ ❖✉t❧✐❡rs
❆♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♥❝❡r♥ ✐s t❤❛t ♦✉r r❡s✉❧ts ♠✐❣❤t ❜❡ ❞r✐✈❡♥ ❜② ❝❡rt❛✐♥ ♦✉t❧✐❡r t♦♣✐❝s ♦r ✐ss✉❡s ✇❤✐❝❤
✇♦✉❧❞ r❡❝❡✐✈❡ ❛ ❧♦t ♦❢ ♠❡❞✐❛ ❛tt❡♥t✐♦♥ s✉❝❤ ❛s t❤❡ ❖❧②♠♣✐❝s ♦r t❤❡ Pr❡s✐❞❡♥t✐❛❧ ❡❧❡❝t✐♦♥s✳ ❚♦
❡♥s✉r❡ t❤❛t t❤❡s❡ r❡s✉❧ts ❛r❡ ♥♦t ❞r✐✈❡♥ ❜② s✉❝❤ ♦✉t❧✐❡rs✱ ✇❡ ✉♥❞❡rt❛❦❡ t✇♦ r♦❜✉st♥❡ss ❝❤❡❝❦s✳
❋✐rst✱ ✇❡ ❝r❡❛t❡ ❛ ❞✉♠♠② ✈❛r✐❛❜❧❡ t♦ ❝❛♣t✉r❡ ✇❤❡t❤❡r t❤❡ st♦r② ❤❛s ♠♦r❡ t❤❛♥ ♦♥❡ ❛rt✐❝❧❡ ♦r
❡q✉✐✈❛❧❡♥t❧② ✇❤❡t❤❡r ✐t ✇❛s ❝♦♥t✐♥✉❡❞ ❢✉rt❤❡r ♦r ♥♦t✳ ❲❡ ✉s❡ t❤✐s ❛s ♦✉r ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ♦❢
✐♥t❡r❡st ❛s ♦♣♣♦s❡❞ t♦ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♦r t❤❡ ❞✉r❛t✐♦♥ ✐♥ t❤❡ ❜❛s❡❧✐♥❡ s♣❡❝✐✜❝❛t✐♦♥s✳
❚❤✐s ❛❧❧♦✇s ✉s t♦ ❝✐r❝✉♠✈❡♥t t❤❡ ✐♠♣❛❝t ♦❢ ♦✉t❧✐❡rs ✇❤✐❝❤ ❝♦✉❧❞ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ✇❤❡♥
❧♦♦❦✐♥❣ ❛t t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ ❛ st♦r② ♦r ✐ts t♦t❛❧ ❞✉r❛t✐♦♥✳ ❲❡ ❡st✐♠❛t❡ ❛ ❧✐♥❡❛r
♣r♦❜❛❜✐❧✐t② ♠♦❞❡❧✱ ✐♥str✉♠❡♥t✐♥❣ t❤❡ ❝❧✐❝❦s✱ t♦ ✜♥❞ t❤❛t ❝❧✐❝❦s st✐❧❧ ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣ ❣✐✈❡♥ ❛❞❞✐t✐♦♥❛❧ ❝♦✈❡r❛❣❡✳ ❚❤❡ r❡s✉❧ts ❞✐s♣❧❛②❡❞ ✐♥
❝♦❧✉♠♥ ✭✶✮ ♦❢ ❚❛❜❧❡ ✷✵ ♣r♦✈✐❞❡ ❣r❡❛t❡r ❝♦♥✜❞❡♥❝❡ ✐♥ ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts✳ ❙✐♥❝❡ t❤❡ ❞❡♣❡♥❞❡♥t
✈❛r✐❛❜❧❡ ✐s ❛ ✵✲✶ ✈❛r✐❛❜❧❡✱ ❛❧❧ st♦r✐❡s✱ ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♦r ❞✉r❛t✐♦♥✱ ❛r❡ ❣✐✈❡♥
t❤❡ s❛♠❡ ✇❡✐❣❤t✳
❆s ❛ ❢✉rt❤❡r r♦❜✉st♥❡ss ❝❤❡❝❦✱ ✇❡ ❞r♦♣ ❛❧❧ st♦r✐❡s ✇❤✐❝❤ ❤❛✈❡ ♠♦r❡ t❤❛♥ ✺✵ ❛rt✐❝❧❡s ✐♥ t❤❡✐r ❝❧✉st❡r
❛♥❞ r❡✲❡st✐♠❛t❡ ♦✉r ♠♦❞❡❧✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❝♦❧✉♠♥ ✭✷✮ ♦❢ ❚❛❜❧❡ ✷✵✳ ◗✉❛❧✐t❛t✐✈❡❧②
❛♥❞ q✉❛♥t✐t❛t✐✈❡❧②✱ t❤❡ ❡st✐♠❛t❡s ❛r❡ ✈❡r② ❝❧♦s❡ t♦ ♦✉r ❜❛s❡❧✐♥❡ ♥✉♠❜❡rs✳
✾✳✺ ❘❛✐♥ ❛♥❞ ❖✉t❛❣❡s ✐♥ t❤❡ ◆❡✇s
❋✐♥❛❧❧②✱ ❛♥ ✐ss✉❡ ✇✐t❤ t❤❡ ❡st✐♠❛t✐♦♥s ❝♦✉❧❞ ❜❡ t❤❛t r❛✐♥ ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡s ❝♦✉❧❞ t❤❡♠s❡❧✈❡s
❜❡ ♣❛rt ♦❢ t❤❡ ♥❡✇s ❛♥❞ ❤❡♥❝❡ ♠✐❣❤t ❜❡ ❞r✐✈✐♥❣ ♦✉r r❡s✉❧ts✳ ❚♦ ❛❞❞r❡ss t❤✐s✱ ✇❡ ✉♥❞❡rt❛❦❡ t✇♦
r♦❜✉st♥❡ss ❝❤❡❝❦s✳ ❲❡ ✜rst ❞r♦♣ ❛♥② ❞❛②s ✇❤✐❝❤ ❤❛✈❡ ❛ ❤✐❣❤ ❛♠♦✉♥t ♦❢ r❛✐♥❢❛❧❧ ♦r ♣♦✇❡r ♦✉t❛❣❡s✱
✇❤✐❝❤ ✇♦✉❧❞ ♠❛❦❡ ✐t ♠♦r❡ ❧✐❦❡❧② ❢♦r ✐t t♦ ❜❡ ✐♥ t❤❡ ♥❡✇s✳ ■♥ ❝♦❧✉♠♥ ✭✸✮ ♦❢ ✷✵✱ ✇❡ ❞r♦♣ ❛♥② ❞❛②s
✇❤✐❝❤ ❤❛✈❡ r❛✐♥❢❛❧❧ ♦❢ ♠♦r❡ t❤❛♥ ✻✵ ♠♠ ❛❝r♦ss ❉❡❧❤✐ ❛♥❞ ▼✉♠❜❛✐ ✇❤✐❧❡ ✐♥ ❝♦❧✉♠♥ ✭✹✮ ✇❡ ❞r♦♣
❛♥② ❞❛②s ✇❤❡r❡ t❤❡ ✭❧♦❣✮ ♣♦✇❡r ♦✉t❛❣❡s ❛r❡ ❛❜♦✈❡ ✹✳✸✹✼✳ ❚❤❡ r❡s✉❧ts r❡♠❛✐♥ ✉♥❝❤❛♥❣❡❞ r❡❧❛t✐✈❡
t♦ ♦✉r ❜❛s❡❧✐♥❡ ❡st✐♠❛t❡s✳ ❚❤❡s❡ ❡st✐♠❛t✐♦♥s ❝♦rr♦❜♦r❛t❡ t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r r❡s✉❧ts ❛♥❞ s❤♦✇
t❤❛t t❤❡② ❛r❡ ♥♦t ❞r✐✈❡♥ ❜② ❛ ❤❛♥❞❢✉❧ ♦❢ ❛t②♣✐❝❛❧❧② ❧♦♥❣ st♦r✐❡s ♦r ❞❛②s ♦❢ ❡①tr❡♠❡❧② ❤✐❣❤ r❛✐♥❢❛❧❧
♦r ♣♦✇❡r ♦✉t❛❣❡s ❛♥❞ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ t❤❡♠ ❜❡✐♥❣ ✐♥ t❤❡ ♥❡✇s✳
✹✼❚❤❡s❡ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✈❛❧✉❡s ♦✈❡r t❤❡ ✾✺t❤ ♣❡r❝❡♥t✐❧❡✳ ❋♦r ❡①❛♠♣❧❡✱ ✢♦♦❞s t②♣✐❝❛❧❧② t❛❦❡ ♣❧❛❝❡ ✐❢ t❤❡r❡
✐s ♠♦r❡ t❤❛♥ ✼✺♠♠ ♦❢ r❛✐♥❢❛❧❧ ✇✐t❤✐♥ ✷✹ ❤♦✉rs ✭❙❡❡ ❤tt♣✿✴✴✇✇✇✳♠❛r❧❜♦r♦✉❣❤✳❣♦✈t✳♥③✴❙❡r✈✐❝❡s✴❊♠❡r❣❡♥❝②✲
▼❛♥❛❣❡♠❡♥t✴❋❧♦♦❞✐♥❣✳❛s♣①✮✳
✸✵
▼♦r❡♦✈❡r✱ ✇❡ r✉♥ ❛ ❦❡②✇♦r❞ s❡❛r❝❤ ❛♥❞ ❞r♦♣ ❛♥② ❛rt✐❝❧❡s ✇❤✐❝❤ ❤❛✈❡ t❤❡ ✇♦r❞s ❵r❛✐♥✬✱ ❵st♦r♠✬✱
❵♦✉t❛❣❡✬ ♦r ❵♣♦✇❡r ❝✉t✬ ❛s ♣❛rt ♦❢ t❤❡✐r ❤❡❛❞❧✐♥❡✳ ❚❤✐s ✇♦✉❧❞ ✐♥❞✐❝❛t❡ ✇❤❡t❤❡r t❤❡ ❛rt✐❝❧❡ ✐s
♣r✐♠❛r✐❧② ❛❜♦✉t r❛✐♥❢❛❧❧ ♦r ♣♦✇❡r ♦✉t❛❣❡s✳ ❚❤❡s❡ st♦r✐❡s ❞♦ ♥♦t s❡❡♠ t♦ ❞r✐✈❡ ♦✉r r❡s✉❧ts ❛s ❝❛♥
❜❡ s❡❡♥ ✐♥ ❝♦❧✉♠♥s ✭✺✮ ❛♥❞ ✭✻✮ ✇❤❡r❡ t❤❡ ❡st✐♠❛t❡s ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤ ♦✉r ❜❛s❡❧✐♥❡ ♥✉♠❜❡rs✳
✶✵ ❈♦♥❝❧✉s✐♦♥
■♥ t❤✐s ♣❛♣❡r✱ ✇❡ q✉❛♥t✐❢② t❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ♥❡✇s♣❛♣❡rs s②st❡♠❛t✐❝❛❧❧② r❡s♣♦♥❞ t♦ r❡❛❞❡r
♣r❡❢❡r❡♥❝❡s✳ ❲❡ ♣r♦✈✐❞❡ t❤❡ ✜rst ❡✈✐❞❡♥❝❡ t♦ s❤♦✇ t❤❛t ❡❞✐t♦rs r❡s♣♦♥❞ t♦ ♣❛❣❡ ✈✐❡✇s ❜② ❣✐✈✐♥❣
♠♦r❡ ♣♦♣✉❧❛r st♦r✐❡s ❡①t❡♥❞❡❞ ❝♦✈❡r❛❣❡ ✐♥ t❡r♠s ♦❢ ❞✉r❛t✐♦♥ ❛♥❞ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s✳ ▼♦r❡♦✈❡r✱
✇❡ ✜♥❞ t❤❛t✱ ❝♦♥tr❛r② t♦ ♣♦♣✉❧❛r ♣❡r❝❡♣t✐♦♥✱ ✐❢ t❤❡r❡ ✐s ❛♥② ❝r♦✇❞✐♥❣ ♦✉t ♦❢ ♥❡✇s ❞✉❡ t♦ ❝❧✐❝❦s
t❤❡♥ ✐t ✐s ❤❛r❞ ♥❡✇s ✇❤✐❝❤ ❝r♦✇❞s ♦✉t s♦❢t ♥❡✇s ❛♥❞ ♥♦t ✈✐❝❡✲✈❡rs❛✳ ❋✐♥❛❧❧②✱ ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥
str❛t❡❣② ❤✐❣❤❧✐❣❤ts t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t ✇❤❡♥ ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s ❛r❡ ❣✉✐❞❡❞ ❜② ♥♦✐s② ♠❡❛s✉r❡s ♦❢
❞❡♠❛♥❞ s✉❝❤ ❛s ♣❛❣❡ ✈✐❡✇s✱ t❤✐s ❝❛♥ ❜❡ ❞❡tr✐♠❡♥t❛❧ t♦ ♥❡✇s ♣r♦✈✐s✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ♣r♦✜ts ♦❢
t❤❡ ♥❡✇s♣❛♣❡r✳
❲❡ ❛r❡ ❛❜❧❡ t♦ ❛❞❞r❡ss t❤❡s❡ ✐ss✉❡s ✉s✐♥❣ ❛ ✉♥✐q✉❡ ❞❛t❛s❡t ❢r♦♠ ❛ ❧❡❛❞✐♥❣ ■♥❞✐❛♥ ❞❛✐❧② ✇❤✐❝❤
✐♥❝❧✉❞❡s ❛rt✐❝❧❡ ❧❡✈❡❧ ✐♥❢♦r♠❛t✐♦♥ s✉❝❤ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ✈✐❡✇s ❛♥❞ ✉♥✐q✉❡ ✈✐❡✇s r❡❝❡✐✈❡❞✳ ❲❡
❝♦♠❜✐♥❡ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✇✐t❤ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ✉s✐♥❣ ❛ ❝r❛✇❧❡r s✉❝❤ ❛s t❤❡ t❡①t ♦❢ t❤❡ ❛rt✐❝❧❡✱ ✇❤❡♥
✐t ✇❛s ✜rst ♣✉❜❧✐s❤❡❞✱ t❤❡ s♦✉r❝❡ ♦❢ t❤❡ ❛rt✐❝❧❡✱ ❛♥❞ ♦t❤❡r ❛✈❛✐❧❛❜❧❡ ❝❤❛r❛❝t❡r✐st✐❝s✳ ◆❡①t✱ ✇❡
❡♠♣❧♦② ❛♥ ❛❧❣♦r✐t❤♠ ✇❤✐❝❤ ❝❧✉st❡rs ❛rt✐❝❧❡s ✐♥t♦ ❵st♦r✐❡s✬ ✇❤✐❝❤ ❜❡❝♦♠❡ t❤❡ ✉♥✐t ♦❢ ♦❜s❡r✈❛t✐♦♥✳
❲❡ ❛❞❞r❡ss t❤❡ ❝❛✉s❛❧ ❧✐♥❦ ❜❡t✇❡❡♥ ✈✐❡✇s ❛♥❞ ❝♦✈❡r❛❣❡ ❜② ✉s✐♥❣ ❡①♦❣❡♥♦✉s ✈❛r✐❛t✐♦♥ ✐♥ r❡❛❞❡r
❛tt❡♥t✐♦♥ ❜② ❢♦❝✉s✐♥❣ ♦♥ r❛✐♥❢❛❧❧ ❛♥❞ ♣♦✇❡r s❤♦rt❛❣❡s✳ ❲❡ ❢♦❝✉s ♦♥ r❛✐♥② ❞❛②s s✐♥❝❡ ♦♥ t❤❡s❡ ❞❛②s
♣❡♦♣❧❡ ♠❛② r❡♠❛✐♥ ✐♥❞♦♦rs ❛♥❞ ♠❛② ❣♦ ♦♥❧✐♥❡ ❛♥❞ r❡❛❞ t❤❡ ♥❡✇s✱ ✇❤❡r❡❛s ♦♥ ❞❛②s ✇✐t❤ ♣♦✇❡r
s❤♦rt❛❣❡s r❡❛❞❡rs ♠❛② ❢❛❝❡ ✐♥t❡rr✉♣t✐♦♥s ✐♥ ❡❧❡❝tr✐❝✐t② s✉♣♣❧② ❛♥❞ ♠❛② ❤❛✈❡ r❡str✐❝t❡❞ ❛❝❝❡ss t♦
t❤❡ ✐♥t❡r♥❡t✳ ■♥❞❡❡❞✱ ✇❡ ✜♥❞ t❤❛t st♦r✐❡s ✇❤♦s❡ ✜rst ❛rt✐❝❧❡ ✐s ♣✉❜❧✐s❤❡❞ ♦♥ ❛ r❛✐♥② ❞❛② ✭♦r ❛ ❞❛②
✇✐t❤ ❤✐❣❤ ♣♦✇❡r s❤♦rt❛❣❡s✮ ❣❡t s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r ✭s♠❛❧❧❡r✮ ♥✉♠❜❡r ♦❢ ✈✐❡✇s r❡❧❛t✐✈❡ t♦ ♦t❤❡r
♥♦r♠❛❧ ❞❛②s✳ ❙t♦r✐❡s ✇❤✐❝❤ r❡❝❡✐✈❡ ❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❝❧✐❝❦s ♦♥ t❤❡✐r ✜rst ❛rt✐❝❧❡ ✇❡r❡ ❣✐✈❡♥
♠♦r❡ ❝♦✈❡r❛❣❡✳ ❖✉r ■❱ str❛t❡❣② ❤❡❧♣s t♦ ❡st❛❜❧✐s❤ t❤❡ ❡①♣❧❛♥❛t✐♦♥ t❤❛t ❡❞✐t♦rs s②st❡♠❛t✐❝❛❧❧②
❛❧❧♦❝❛t❡ ❣r❡❛t❡r ❝♦✈❡r❛❣❡ t♦ r❡❧❛t✐✈❡❧② ♠♦r❡ ♣♦♣✉❧❛r st♦r✐❡s✳
❆♣❛rt ❢r♦♠ ♣r♦✈✐❞✐♥❣ t❤❡ ✜rst ❡✈✐❞❡♥❝❡ t♦ s❤❡❞ ❧✐❣❤t ♦♥ t❤❡ ❢❛❝t♦rs ❛✛❡❝t✐♥❣ ❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s
♦♥ ❛ ❞❛② t♦ ❞❛② ❜❛s✐s ❛t t❤❡ ❧❡✈❡❧ ♦❢ ❛ st♦r②✱ ♦✉r r❡s✉❧ts s♣❡❛❦ t♦ t❤❡ ❝♦♥❝❡r♥ ♦❢ t❤❡ ❵❞✉♠❜✐♥❣
❞♦✇♥✬ ♦❢ ♥❡✇s ♦♥❧✐♥❡✳ ❲❡ ✜♥❞ t❤❛t t❤❡ ❡❞✐t♦rs ❛❧❧♦❝❛t❡ ❛ ❧❛r❣❡r ❛♠♦✉♥t ♦❢ r❡s♦✉r❝❡s t♦ ❤❛r❞
✸✶
♥❡✇s st♦r✐❡s ❡✈❡♥ ✐❢ s♦❢t ♥❡✇s ❣❡t ❛ ❧❛r❣❡r ♥✉♠❜❡r ❝❧✐❝❦s✳ ❆ss✉♠✐♥❣ t❤❛t ❤❛r❞ ♥❡✇s st♦r✐❡s
❛r❡ ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡ t♦ r❡❛❞❡rs ✐♥ ♣✉❜❧✐❝ ❧✐❢❡✱ ✇❡ ✜♥❞ t❤❛t t❤❡ ❝♦♥❝❡r♥s ❛r♦✉♥❞ ❝❧✐❝❦s ❜❛s❡❞
❡❞✐t♦r✐❛❧ ❞❡❝✐s✐♦♥s ♠✐❣❤t ❜❡ ♠✐s♣❧❛❝❡❞✳ ❖✉r r❡s✉❧ts ❛❧s♦ ❤❛✈❡ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ✜r♠ str❛t❡❣②✳ ❖✉r
✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② s❤♦✇s t❤❛t ❝❧✐❝❦s ❛♥❞ ♦t❤❡r ♦♥❧✐♥❡ ♠❡❛s✉r❡s ♦❢ ♣♦♣✉❧❛r✐t② ❛r❡ ♥♦✐s② ❛♥❞
❛r❡ ♦❢t❡♥ ❞r✐✈❡♥ ❜② ❡①♦❣❡♥♦✉s ❡✈❡♥ts s✉❝❤ ❛s r❛✐♥ ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡s ✇❤✐❝❤ ❛r❡ ❞✐✈♦r❝❡❞ ❢r♦♠ r❡❛❧
r❡❛❞❡r ✐♥t❡r❡st ✐♥ t❤❡ ♥❡✇s ❝♦♥t❡♥t ♣r♦❞✉❝❡❞✳ ■t ✐s✱ t❤✉s✱ ✐♠♣❡r❛t✐✈❡ ❢♦r ♥❡✇s♣❛♣❡rs t♦ ✐❞❡♥t✐❢②
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◆✉♠❜❡r ♦❢ ❝❧✐❝❦s ♣❡r ❛rt✐❝❧❡ ✷✸✸✳✺✺ ✻✷✺✳✽ ✸✶✶✳✹ ✽✽✽✳✸
❚❛❜❧❡ ✶✸✿ ◗✉❛❧✐t② ♦❢ ■♥❢♦r♠❛t✐♦♥✿ ❙❝❛♥❞❛❧s ❛♥❞ ❙❝❛♠s













❖❜s❡r✈❛t✐♦♥s ✸✻✻ ✸✻✻ ✸✻✻ ✸✻✻
❘✲sq✉❛r❡❞ ✵✳✻✻✾ ✵✳✾✶✹ ✵✳✻✻✾ ✵✳✾✶✺
◆♦t❡s✿ ❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐♥ ❝♦❧✉♠♥ ✭✶✮ ❛♥❞ ✭✸✮ ✐s t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❧✐❝❦s
r❡❝❡✐✈❡❞ ❜② ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s ✐♥ ❛ ❞❛② ✇❤✐❧❡ ✐♥ ❝♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✹✮ ✐t ✐s t❤❡
♣r♦♣♦rt✐♦♥ ♦❢ ❤❛r❞ ♥❡✇s ❛rt✐❝❧❡s ♣✉❜❧✐s❤❡❞ ✐♥ ❛ ❞❛②✳ ❆❧❧ ❝♦❧✉♠♥s ✐♥❝❧✉❞❡ ❝♦♥tr♦❧s
❢♦r t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❛rt✐❝❧❡s ✇✐t❤ ✐♠❛❣❡s ♦♥ t❤❡ ❞❛②✱ ♣r♦♣♦rt✐♦♥ ♦❢ ❛rt✐❝❧❡s
s♦✉r❝❡❞ ❢r♦♠ t❤❡ P❚■ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ✇♦r❞ ❝♦✉♥t ♣❡r ❛rt✐❝❧❡ ♦♥ t❤❡ ❞❛② ❛s ✇❡❧❧
❛s ✇❡❡❦❡♥❞ ❛♥❞ ♠♦♥t❤ ✜①❡❞ ❡✛❡❝ts✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s✐s✳ ✯✯✯
♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳
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✭✶✮ ✭✷✮ ✭✸✮
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❙❡❝t✐♦♥ ❢❡ ◆ ❨ ❨
▼♦♥t❤ ❢❡ ◆ ◆ ❨
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❘✲sq✉❛r❡❞ ✵✳✵✺✽ ✵✳✵✻✶ ✵✳✵✻✽
◆♦t❡s✿ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s✐s✳ ✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳ ❆❧❧
❝♦❧✉♠♥s ✐♥❝❧✉❞❡ ❝♦♥tr♦❧s ❢♦r t❤❡ log✭✇♦r❞ ❝♦✉♥t✮ ♦❢ t❤❡ ❛rt✐❝❧❡✱ ✇❤❡t❤❡r ✐t ✇❛s s♦✉r❝❡❞
❢r♦♠ t❤❡ P❚■✱ t❤❡ ❧❡♥❣t❤ ♦❢ ✐ts ❤❡❛❞❧✐♥❡✳ ❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ❧♦❣❛r✐t❤♠ ♦❢
t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ s❡❝♦♥❞ ❛rt✐❝❧❡ ♦❢ ❛ st♦r② ✐♥ ❝♦❧✉♠♥✳
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❚❛❜❧❡ ✶✻✿ ❯♥✐q✉❡ ❱✐❡✇s ❛s t❤❡ ♣♦♣✉❧❛r✐t② ♠❡❛s✉r❡
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮
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❧♦❣✭ ˆuniqueviews) ✷✳✵✹✶✯ ✵✳✷✹✵✯✯✯
✭✶✳✵✻✹✮ ✭✵✳✵✽✻✮
❙❡❝t✐♦♥ ❢❡ ◆ ❨ ❨ ❨ ❨
▼♦♥t❤ ❢❡ ◆ ◆ ❨ ❨ ❨
❋✐rst ❙t❛❣❡ ❋✲st❛t ✶✾✳✷✻ ✶✾✳✷✻ ✶✵✳✷✺ ✲ ✲
❘✲sq✉❛r❡❞ ✵✳✶✻✻ ✵✳✶✻✻ ✵✳✶✼ ✲ ✲
❖❜s❡r✈❛t✐♦♥s ✻✵✱✻✼✶ ✻✵✱✻✼✶ ✻✵✱✻✼✶ ✻✵✱✻✼✶ ✻✵✱✻✼✶
◆♦t❡s✿ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s✐s✳ ✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳ ❆❧❧ ❝♦❧✉♠♥s ✐♥❝❧✉❞❡ ❝♦♥tr♦❧s ❢♦r t❤❡ log✭✇♦r❞ ❝♦✉♥t✮ ♦❢ t❤❡
❛rt✐❝❧❡✱ ✇❤❡t❤❡r ✐t ✇❛s s♦✉r❝❡❞ ❢r♦♠ t❤❡ P❚■✱ t❤❡ ❧❡♥❣t❤ ♦❢ ✐ts ❤❡❛❞❧✐♥❡✱ ✇❤❡t❤❡r ✐t ❤❛❞ ❛♥ ✐♠❛❣❡ ♦r ♥♦t ❛s ✇❡❧❧ ❛s ✇❡❡❦❡♥❞ ✜①❡❞ ❡✛❡❝ts✳ ❚❤❡
❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ✉♥✐q✉❡ ✈✐❡✇s ✐♥ ❝♦❧✉♠♥s ✭✶✮✲✭✸✮ ✇❤✐❧❡ ❝♦❧✉♠♥ ✭✹✮ ❤❛s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ st♦r② ❛s t❤❡ ❞❡♣❡♥❞❡♥t
✈❛r✐❛❜❧❡ ✇❤✐❧❡ ✐♥ ✭✺✮ ✇❡ ❤❛✈❡ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ t❤❡ st♦r② ❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳
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◆♦t❡s✿ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s✐s✳ ✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳ ❆❧❧ ❝♦❧✉♠♥s ✐♥❝❧✉❞❡ ❝♦♥tr♦❧s
❢♦r t❤❡ log✭✇♦r❞ ❝♦✉♥t✮ ♦❢ t❤❡ ❛rt✐❝❧❡✱ ✇❤❡t❤❡r ✐t ✇❛s s♦✉r❝❡❞ ❢r♦♠ t❤❡ P❚■✱ t❤❡ ❧❡♥❣t❤ ♦❢ ✐ts ❤❡❛❞❧✐♥❡✱ ✇❤❡t❤❡r
✐t ❤❛❞ ❛♥ ✐♠❛❣❡ ♦r ♥♦t ❛s ✇❡❧❧ ❛s ✇❡❡❦❡♥❞ ✜①❡❞ ❡✛❡❝ts✳ ❈♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✸✮ ❤❛✈❡ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ st♦r②
❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✇❤✐❧❡ ✐♥ ✭✷✮ ❛♥❞ ✭✹✮ ✇❡ ❤❛✈❡ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ t❤❡ st♦r② ❛s t❤❡ ❞❡♣❡♥❞❡♥t
✈❛r✐❛❜❧❡✳ ❈♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✷✮ ❛r❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ ✷s❧s ✐♥ ✇❤✐❝❤ t❤❡ ✐♥str✉♠❡♥ts ❛r❡ r❛✐♥❢❛❧❧ ❛♥❞ t♦t❛❧ ❞❛✐❧②
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t♦t❛❧ ❞❛✐❧② r❛✐♥❢❛❧❧ ❛s ❛ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ t♦t❛❧ ♠♦♥t❤❧② r❛✐♥❢❛❧❧ ❛❝r♦ss ❉❡❧❤✐ ❛♥❞ ▼✉♠❜❛✐ ❛♥❞ t♦t❛❧ ❞❛✐❧② ♣♦✇❡r
♦✉t❛❣❡s ✐♥ ❉❡❧❤✐ ❛♥❞ ▼❛❤❛r❛s❤tr❛ ❛s ✐♥str✉♠❡♥ts✳
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✷✵✶✷ ▲♦♥❞♦♥ ❖❧②♠♣✐❝s ✶✸ ❏✉❧✱ ✹✿✶✼ ♣♠ ✶✾ ❆✉❣✱ ✻✿✹✵ ♣♠ ✺✶✵
✹✼
❚❛❜❧❡ ✷✷✿ ❱❛r✐❛❜❧❡ ❉❡s❝r✐♣t✐♦♥s
❱❛r✐❛❜❧❡ ◆❛♠❡ ❉❡s❝r✐♣t✐♦♥
❧♦❣✭✈✐❡✇s✮ ▲♦❣❛r✐t❤♠ ♦❢ t❤❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② ❛♥ ❛rt✐❝❧❡
❧♦❣✭❛rt✐❝❧❡s✮ ▲♦❣❛r✐t❤♠ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ♣❛rt ♦❢ ❛ st♦r②
❧♦❣✭❧❡♥❣t❤✮ ▲♦❣❛r✐t❤♠ ♦❢ t❤❡ ❧❡♥❣t❤✴❞✉r❛t✐♦♥ ♦❢ ❛ st♦r②
❘❛✐♥ ✶ ✐❢ ✐t r❛✐♥❡❞ ✐♥ ❡✐t❤❡r ❉❡❧❤✐ ♦r ▼✉♠❜❛✐ ♦♥ t❤❛t ♣❛rt✐❝✉❧❛r ❞❛②
❲❡❡❦❡♥❞ ✶ ✐❢ t❤❡ ❞❛② ♦❢ t❤❡ ✇❡❡❦ ✇❛s ❡✐t❤❡r ❙❛t✉r❞❛② ♦r ❙✉♥❞❛②
❍❡❛❞❧✐♥❡ ◆✉♠❜❡r ♦❢ ❝❤❛r❛❝t❡rs ✐♥ t❤❡ ❤❡❛❞❧✐♥❡
❧♦❣✭✇♦r❞ ❝♦✉♥t✮ ◆✉♠❜❡r ♦❢ ✇♦r❞s ✐♥ t❤❡ ❛rt✐❝❧❡
P❚■ ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ✇❛s s♦✉r❝❡❞ ❢r♦♠ t❤❡ Pr❡ss ❚r✉st ♦❢ ■♥❞✐❛
■♠❛❣❡ ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ ♣✐❝t✉r❡ ♦♥ t❤❡ ♣❛❣❡
❧♦❣✭✉♥✐q✉❡ ✈✐❡✇s✮ ▲♦❣❛r✐t❤♠ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ✉♥✐q✉❡ ✈✐❡✇s r❡❝❡✐✈❡❞ ❜② t❤❡ ❛rt✐❝❧❡
❚✐♠❡ ♦♥ ♣❛❣❡ ❆✈❡r❛❣❡ ❛♠♦✉♥t ♦❢ t✐♠❡ s♣❡♥t ♦♥ t❤❡ ❛rt✐❝❧❡ ❜② r❡❛❞❡rs
❙♣♦rts ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ t❛❣ ✇❤✐❝❤ ✇❛s ❵s♣♦rts✬
◆❛t✐♦♥❛❧ ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ t❛❣ ✇❤✐❝❤ ✇❛s ❵♥❛t✐♦♥ ♥❡✇s✬
❲♦r❧❞ ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ t❛❣ ✇❤✐❝❤ ✇❛s ❵✇♦r❧❞ ♥❡✇s✬
❊♥t❡rt❛✐♥♠❡♥t ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ t❛❣ ✇❤✐❝❤ ✇❛s ❵❡♥t❡rt❛✐♥♠❡♥t✬
❈r✐♠❡ ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ t❛❣ ✇❤✐❝❤ ✇❛s ❵❝r✐♠❡✬
❉❡❧❤✐ ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ t❛❣ ✇❤✐❝❤ ✇❛s ❵❉❡❧❤✐✬
❈r✐❝❦❡t ✶ ✐❢ t❤❡ ❛rt✐❝❧❡ ❤❛❞ ❛ t❛❣ ✇❤✐❝❤ ✇❛s ❵❝r✐❝❦❡t✬
❆❞❞✐t✐♦♥❛❧ ❘♦❜✉st♥❡ss ❈❤❡❝❦s
❘♦❜✉st♥❡ss ♦❢ t❤❡ ❘❡s✉❧ts t♦ ❙✐♠✐❧❛r✐t② ❚❤r❡s❤♦❧❞
❚❤❡ r❡s✉❧ts r❡♣♦rt❡❞ ✐♥ t❤❡ ♠❛♥✉s❝r✐♣t r❡❧✐❡s ♦♥ ❛ s✐♠✐❧❛r✐t② t❤r❡s❤♦❧❞ ♦❢ ✵✳✸ ✐♥ ❝❧✉st❡r✐♥❣ t❤❡ ❛rt✐❝❧❡s✳
❚❤✐s t❤r❡s❤♦❧❞ ✇❛s ❞❡t❡r♠✐♥❡❞ ✇✐t❤ t❤❡ ❣♦❛❧ ♦❢ ❜❛❧❛♥❝✐♥❣ t②♣❡ ■ ❛♥❞ t②♣❡ ■■ ❡rr♦rs ✐♥ t❤❡ ❝❧✉st❡r✐♥❣
♣r♦❝❡ss ❛♥❞ t♦ ❛❝❤✐❡✈❡ ♠❡❛♥✐♥❣❢✉❧ ❝❧✉st❡rs ❛s ♠✉❝❤ ❛s ♣♦ss✐❜❧❡✳ ❚♦ ♠❛❦❡ s✉r❡ ♦✉r r❡s✉❧ts ❛r❡ r♦❜✉st
t♦ ❛❧t❡r♥❛t✐✈❡ t❤r❡s❤♦❧❞ ❧❡✈❡❧s✱ ✇❡ r❡✲r❛♥ t❤❡ ❜❛s❡❧✐♥❡ ❡st✐♠❛t✐♦♥s ✉s✐♥❣ ❛ t✐❣❤t❡r t❤r❡s❤♦❧❞ ♦❢ ✵✳✹✳ ❚❤❡
r❡s✉❧ts ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✷✸✳ ❚❤❡ ✜rst ♦❜s❡r✈❛t✐♦♥ ✐s✱ ❛s ❡①♣❡❝t❡❞✱ t❤❡ ♥✉♠❜❡r ♦❢ st♦r✐❡s ✐♥❝r❡❛s❡❞ t♦
✻✸✱✾✺✷✳ ❙✐♥❝❡ ✵✳✹ ✐s ❛ ♠♦r❡ str✐♥❣❡♥t t❤r❡s❤♦❧❞ ❢♦r ❝❧✉st❡r✐♥❣✱ ❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s st❛♥❞ ❛s ❝❧✉st❡rs
♦❢ t❤❡✐r ♦✇♥✹✽✳
❚❤❡ r❡s✉❧ts ❛r❡ q✉❛❧✐t❛t✐✈❡❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧② ❡①tr❡♠❡❧② s✐♠✐❧❛r t♦ t❤❡ ♦♥❡s ✐♥ t❤❡ ❜❛s❡❧✐♥❡ s❡tt✐♥❣✳ ❚❤❡
r❛✐♥ ❛♥❞ ♣♦✇❡r ♦✉t❛❣❡ ✐♥str✉♠❡♥ts ❛r❡ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛♥❞ ✇♦r❦✐♥❣ ✐♥ t❤❡ r✐❣❤t ❞✐r❡❝t✐♦♥✳ ❚❤❡ ❋
st❛t✐st✐❝ ✐s ❛❧✇❛②s ❣r❡❛t❡r t❤❛♥ ✶✵✱ ✇❤✐❝❤ s❛t✐s✜❡s t❤❡ r✉❧❡ ♦❢ t❤✉♠❜✳ ▲♦♦❦✐♥❣ ❛t t❤❡ s❡❝♦♥❞ st❛❣❡ r❡s✉❧ts
✐♥ ❚❛❜❧❡ ✷✹✱ ✜rst ✇❤❡♥ t❤❡ ❝♦✈❡r❛❣❡ ✈❛r✐❛❜❧❡ ✐s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ st♦r②✱ ✇❡ ✜♥❞ t❤❛t t❤❡ r❡s✉❧ts ❛r❡ ✐♥ ❧✐♥❡
✇✐t❤ ✇❤❛t ✇❡ s❛✇ ✐♥ t❤❡ ❜❛s❡❧✐♥❡ ♠♦❞❡❧✳ ■♥ t❤❡ ✷s❧s✱ ✇❡ ✜♥❞ ❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ ❝❧✐❝❦s ❛♥❞
t❤❡ ❝♦❡✣❝✐❡♥ts ❛r❡ ❜❡t✇❡❡♥ ✶✳✺ ❛♥❞ ✷✳✺ ✐♥ ♠❛❣♥✐t✉❞❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❜❛s❡❧✐♥❡ ♠♦❞❡❧✬s ✜♥❞✐♥❣s✳ ❚✉r♥✐♥❣
✹✽❲❡ ♦♥❧② ♣r❡s❡♥t t❤❡ r♦❜✉st♥❡ss r❡s✉❧ts ❢♦r t❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ✵✳✹✳ ❘❡s✉❧ts ✇❤❡♥ t❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡
✐s ✵✳✺ ❛r❡ s✐♠✐❧❛r ❛♥❞ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳
✹✽
t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✇r✐tt❡♥ ✐♥ t❤❡ st♦r②✱ ✇❡ ❛❧s♦ ✜♥❞ t❤❡ ✷s❧s ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞
✐♥ ❙❡❝t✐♦♥s ✺✳✷✳✸ ❛♥❞ ✺✳✷✳✹✳
❘♦❜✉st♥❡ss ♦❢ t❤❡ ❉✐❝t✐♦♥❛r② ♦❢ Pr♦♣❡r ◆♦✉♥s
❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ s❡❝t✐♦♥ ✇❤❡r❡ ✇❡ ❡①♣❧❛✐♥ t❤❡ ❝❧✉st❡r✐♥❣ ❛❧❣♦r✐t❤♠ ❛❜♦✈❡✱ ✇❡ ✉s❡ ♥❛t✉r❛❧ ❧❛♥❣✉❛❣❡
♣r♦❝❡ss✐♥❣ ✭◆▲P✮ t❡❝❤♥✐q✉❡s t♦ ❡①tr❛❝t ♣r♦♣❡r ♥♦✉♥s ❢r♦♠ t❤❡ t❡①t ♦❢ ❡❛❝❤ ❛rt✐❝❧❡✳ ◆▲P t❡❝❤♥✐q✉❡s ✇♦r❦
❜② t❛❦✐♥❣ ♦♥❡ s❡♥t❡♥❝❡ ❛t ❛ t✐♠❡ ❛♥❞ tr❡❛t✐♥❣ ❡❛❝❤ s❡♥t❡♥❝❡ ❛s ❛ str✐♥❣ ♦❢ ✇♦r❞s✳ ■t t❤❡♥ ✐❞❡♥t✐✜❡s ♣r♦♣❡r
♥♦✉♥s ❜❛s❡❞ ♦♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ ♥♦✉♥s✱ ✈❡r❜s✱ ❛♥❞ ❛❞❥❡❝t✐✈❡s ✐♥ ❛ s❡♥t❡♥❝❡✳ ❚❤✐s ♠❡t❤♦❞✱ ❡✈❡♥ t❤♦✉❣❤ ❛t
t❤❡ ❢r♦♥t✐❡r ♦❢ t❤❡ ❝♦♠♣✉t❡r s❝✐❡♥❝❡ ❧✐t❡r❛t✉r❡✱ ✐♥✈♦❧✈❡s ♠❡❛s✉r❡♠❡♥t ❡rr♦rs✳ ❚♦ ❣❡t ♠♦r❡ ❝♦♥✜❞❡♥❝❡ ✐♥
♦✉r ❡st✐♠❛t❡s✱ ✇❡ r❡✲r✉♥ ♦✉r ♠♦❞❡❧ ❛❢t❡r ♠♦❞✐❢②✐♥❣ t❤❡ ❞✐❝t✐♦♥❛r② ♦❢ ♣r♦♣❡r ♥♦✉♥s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡
❛rt✐❝❧❡s✳
❆ ✇♦rr② ♠✐❣❤t ❜❡ t❤❛t ✐❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦♣❡r ♥♦✉♥s ❡①tr❛❝t❡❞ ❢r♦♠ ❛♥ ❛rt✐❝❧❡ ♠❛② ♥♦t ❜❡ t♦♦ ❧❛r❣❡
t❤❡♥ ✐t ♠✐❣❤t ❛tt❛❝❤ ✐ts❡❧❢ t♦ ❝❡rt❛✐♥ ♦t❤❡r ❛rt✐❝❧❡s ✐♥ ❛♥ ❛❧♠♦st r❛♥❞♦♠ ♠❛♥♥❡r✳ ❲❡ ❞r♦♣ ❛♥② ❛rt✐❝❧❡s
✇❤✐❝❤ ❤❛❞ ❧❡ss t❤❛♥ ✜✈❡ ✉♥✐q✉❡ ♣r♦♣❡r ♥♦✉♥s ✭❡✈❡♥ ✐❢ t❤❡② ♦❝❝✉r ♠✉❧t✐♣❧❡ t✐♠❡s✮ ❛♥❞ t❤❡♥ r❡✲❝♦♠♣✉t❡
t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ st♦r② ❛s ✇❡❧❧ ❛s t❤❡ ♥✉♠❜❡r ♦❢ ❛rt✐❝❧❡s ✐♥ t❤❡ st♦r②✳ ❲❡ t❤❡♥ r❡✲❡st✐♠❛t❡ ♦✉r ✷s❧s
s♣❡❝✐✜❝❛t✐♦♥s ✇❤✐❝❤ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❚❛❜❧❡ ✷✺✳ ❚❤❡ r❡s✉❧ts ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤ ♦✉r ♠❛✐♥ ❡st✐♠❛t❡s✳
■♥ ❛♥♦t❤❡r r♦❜✉st♥❡ss ❝❤❡❝❦✱ ✇❡ ❞r♦♣ ❛❧❧ st♦r✐❡s ✇❤✐❝❤ st❛rt ✇✐t❤ ❛♥ ❛rt✐❝❧❡ ✇❤✐❝❤ ❤❛s ❧❡ss t❤❛♥ ✜✈❡ ✉♥✐q✉❡
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Can too much choice make decision makers worse off? In this paper, we address this
question in the context of online markets. We show that a technology which expands
the choice set of consumers or decision makers can actually make them worse off.
We argue that this is extremely relevant with the rise of the internet in general and
digitization in particular. On the one hand, the internet enables an infinite shelf
space which reduces entry costs for new products that in turn allows consumers to
access a ‘long tail’ of products. On the other hand, lower entry costs could reduce
the average quality of the overall pool of products, offset the former effect and pos-
sibly even lower the expected payoff of the decision makers. The intuition is that as
the cost of entry declines, the newer products may be of a lower quality than those
which were already present on the market. This may make the consumers worse
off if they do not evaluate the quality of the products at all, and may do so, if the
negative quality effect outweighs the option value effect, even when they do evaluate
the quality in equilibrium.
The phenomenon described by the model is relevant to various technological
developments in the digital age. Digitization allows consumers access to a long tail
of new products. Despite the potential benefits of digitization, it is widely believed
that the long tail of products has created a new form of scarcity on the side of
the consumers - the scarcity of attention. Many people feel inundated with much
more information than they can effectively process (see Klingberg, 2010). But an
even more fundamental problem is statistical - if our limited information processing
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capacities were the only difficulty, an effective solution would consist of processing
only a random subset of the information we receive. The reason this is not a real
solution in practice is that as we receive more information, random subsets of that
information might be less valuable to us than the more limited information used to
be.
In the standard models of online markets, such as in Brynjolfsson et al. (2003)
and Waldfogel and Aguiar (2015), an increase in the number of new products (books
or music available online) increases surplus by expanding the choice set of the con-
sumers. Such a phenomenon is also present in matching models of labour markets
since an increase in the number of (online) job applications for a vacancy increases
the pool of applicants available for the firm to choose from. Our model provides a
simple story about how consumers choose a product (or firms choosing a candidate
to fill a vacancy) and highlight a particular friction involved in the process to which
attention has not been drawn till now. We consider a model with products of het-
erogeneous quality and where consumers can evaluate quality at a cost. We allow
for an extremely flexible screening procedure which resembles the process of drawing
balls from an urn without replacement.
In our setting, a fall in the cost of entry can induce a rise in the number of prod-
ucts available that reduces the payoff to the consumer. This can happen if the new
products reduce the average quality of the existing pool of products available to a
particular consumer. This can be true, most obviously, if the consumer does not
screen for product quality, provided that the marginal product is of a lower quality
than the average product. But it may also be true even if the consumer engages
in costly screening for product quality in equilibrium. We also find that aggregate
welfare can be higher in an equilibrium where entry costs are higher, thus restricting
the choice set of the consumers.
Similarly, with the advent of the internet as a medium for job search, there has
been a substantial reduction in the cost of applying for jobs. There seems to be very
little physical search involved, with many jobs offering online applications. It is easy
to conceive that lower quality workers are more likely as a result to apply for positions
in pure hope, just because it is now much easier to do so1. Another obvious context is
1This sentiment is echoed by people in the industry who point out that the online process has
led them to “build a bigger pipeline than they need, which ends up drawing applications from
far too many unqualified candidates” and “these companies are paying the price of having to sift
through them all”. For more see http://knowledge.wharton.upenn.edu/article/why-the-job-search-
2
that of applications for colleges and universities. There is evidence that applications
for college in the U.S have been on the increase over the past decade. Applications to
only one institution declined as a proportion of the total from 22% in 1999 to 14% in
2009. This has led to some skepticism as Fred Hargadon, former Dean of admissions
at Princeton and Stanford, doubts that more and more applicants make for a stronger
class. He says “I couldn’t pick a better class out of 30,000 applicants than out of
15,000” 2. In this paper we suggest reasons for fearing that large applicant pools
may even be harming these institutions.
This paper contributes to two different literatures by highlighting a simple mech-
anism related to congestion externalities in the context of online markets. Brynjolf-
sson et al. (2003) and Waldfogel and Aguiar (2015) analyse the welfare gains to
consumers of the increase in the availability of products online. Brynjolfsson et al.
(2003) argue that with the advent of internet retailers who have an almost infinite
“virtual inventory” provide increased benefits of product variety to consumers. For
example, Amazon.com provides consumers with millions of choices for books which
can be ordered online as opposed to a few thousand options in a brick and mortar
store. Waldfogel and Aguiar (2015) highlight that Brynjolfsson et al. (2003) might
be underestimating the benefits from the increased product variety if there is an
ex-ante uncertainty about the quality of the incremental products available. Neither
of these studies accounts for the fundamental phenomenon underlying our model:
the marginal product may be of a lower quality than the average quality of the ex-
isting pool of products which would further reduce the average quality of the pool.
Moreover, both these studies ignore the cost of evaluating product quality on the
part of consumers. Hence, the broader implication is that not accounting for this
phenomenon, there might be an overestimation of the benefits from greater product
variety due to a proliferation of the internet.
The mechanism by which a decision maker can be worse off with more choice than
less is more broadly applicable in the case of matching markets as well. Burdett et
al. (2001) highlight the urn-ball matching friction in a model of directed search
where there are multiple sellers and buyers but the latter can approach only one
seller. Thus, in a large labour market, due to lack of co-ordination between the
buyers there might be a situation where some sellers have more buyers than they
is-like-throwing-paper-airplanes-into-the-galaxy/
2This point of view is echoed by Karl M. Furstenberg, dean of admissions and financial aid at
Dartmouth College from 1992 to 2007, who says “I don’t think these larger applicant pools are
materially improving the quality of their classes” . For more see “Application Inflation: When Is
Enough Enough?”: New York Times (November, 2010).
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can service while some may not receive enough. Albrecht et al. (2004) analyze
a model of directed search with wage posting where workers can make multiple
applications to firms. The fact that a worker can send multiple applications reduces
the chances of a firm’s not getting any applications at all. On the other hand, the
same worker applies to different firms which reduces the chance that any given offer
will be accepted. This is another co-ordination friction in addition to the urn-ball
matching friction. Halaburda et al. (2016) highlight similar frictions in a two-sided
market context. To the best of our knowledge, our study is the first to highlight
a simple mechanism such that a reduction in the cost of applications might make
a decision maker worse off through a decline in the average quality of the pool of
applicants. We also analyse and highlight a potential need to increase the cost of
entry to market (cost of applying) for new products (new applicants) and how that
would lead to an increase in welfare.
There are a few empirical papers which analyse online matching in the context
of labour markets. Chandler et al. (2015) analyse, in a field experiment in an online
labour market, the impact of making the application process more costly by making
applicants answer additional questions on match quality and worker performance. In
line with our results, they find that with the additional application costs the workers
are positively selected in terms of past earnings, experience and better feedback.
Kuhn and Skuterud (2004) using internet usage data in U.S suggest that the internet
was ineffective in reducing unemployment durations.
In section 2, we analyse a simple model with one firm and two workers. In section
3, we allow for a general model with a large number of firms and workers. Section 4
looks at extensions to the general model while section 5 concludes.
2 The Model
We now set up a simple model to demonstrate the fundamental friction we want to
highlight in the context of online markets. We embed the model in a labour market
setting with two potential applicants (unemployed workers) and a firm which has
to fill a vacancy. The cost of making an application varies depending on whether
applications can be made online or not. The model is not particular to this setting
and is applicable to online markets in general, as discussed above. The firm is the
decision maker in this setting and the applicants are the products that the decision
maker has to choose from.
4
2.1 The Setup
2.1.1 Workers and Firms
There are two risk neutral unemployed workers indexed by i ∈ {1, 2}. Each worker
can be one of two types θi ∈ {a, b}. Nature chooses the type of each worker according
to the unconditional probabilities:
prob(θi = a) = pi ∈ (0, 1) (1)
with3:
p1 > p2
There is one risk neutral firm which has one vacancy and may hire either of the
workers. The value of the match to the firm from hiring a particular type of worker
is given by:
v(θi = a) = V (2)
v(θi = b) = X (3)
where V > X ≥ 0 . Since p1 > p2, worker 1 always has a higher chance of being a
good match for the firm.
The workers choose whether or not to apply to the firm. Each worker can make
an application at a cost t > 0 . We denote the action set for the worker i by {gi1,
gi0}, where gi1 corresponds to worker i applying and gi0 corresponds to worker i not
applying. The firm, upon receiving an application, needs to decide whether to incur
a cost c > 0 per application to screen and identify the type θi of the worker (with
3A slightly different modelling approach would be to allow each worker i to be ex-ante symmetric
and then draw an i.i.d noisy signal si ∈ {High, Low} about her true ability (a or b). We can, for
example, have each signal be drawn with probability 1
2
with p(a|High) > p(a|Low). With such a
formulation, our results will still hold as long as both workers draw different signals and can be
ranked by the firm. This should be seen as an explanation of the results rather than a shortcoming
of the model. With (ex-ante) homogeneous agents a firm is always weakly better off with more
applications. A statistical decline in the quality of the pool of applicants is a necessary condition
for our results to go through.
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probability 1) or not. Let s1l , l ∈{0, 1} be the screening action of the firm if it receives
one application and s2r, r ∈{0, 1, 2} be the screening action of the firm if it receives
two applications.
If the firm gets two applications, it cannot distinguish which application corre-
sponds to which worker. The firm can decide to evaluate the applications in detail
to find out θi or just randomly pick one out of the pile without incurring any cost
4.
When the firm screens for the type of the worker, the evaluation procedure is such
that the employer first randomly picks out one application from the two. It evalu-
ates the application for θi. If it does not turn out to be a type a worker then it will
evaluate the next applicant. Thus, we allow for the firm to choose the number of
applications it would want to screen.
2.1.2 The Information Structure
Neither the firm nor the worker observes the intrinsic type of the worker, but the
probability distribution over types for each worker is common knowledge. However,
there is an important source of informational asymmetry which develops between
the firm and a worker who makes an application: workers observe their index but
firms do not (though they may be able to infer it in equilibrium), and workers, unlike
firms, therefore know whether their probability of being of type a is equal to p1 or p2
5.
Let λ(f |n) denote the belief of the firm about the identity of the workers who
have applied, with f ∈ {1, 2, (1, 2)} when it gets n ∈ {0, 1, 2} applications.
2.1.3 Payoffs
Let π(.) and U(.) denote the payoff function for the firm and workers respectively.
To simplify notation for the sections below, we define the expected wage for each
4In this case, the firm commits to hiring the worker it randomly picks out.
5This information structure ensures that we can generate an equilibrium in which both workers
apply when the firm screens. An equivalent formulation, with results being qualitatively similar,
could allow a worker to have private information about her intrinsic type with the firm having an
imperfect screening technology.
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with a slight abuse of notation
such that i = 1(2) and −i = 2(1).
After a worker is hired, production takes place, and the firm and the worker then
bargain over the realized surplus. We use the Nash bargaining solution to capture
the outcome, on the assumption that if bargaining breaks down the workers and the
firm receive zero payoffs.67
Let γ and 1− γ be the bargaining power of the firm and the worker respectively.
Both workers have the same bargaining power. In the Nash bargaining stage, the
screening costs incurred in the previous period do not matter since they are sunk. The
wage w(g1, g2, s
n
j ) is set so that the logarithm of the joint Nash product is maximized.
2.1.4 The Timing of the Game
The sequence of moves in this game is given by:
Period 0: Nature chooses the type of the worker.
Period 1: Workers choose whether to apply for the job.
Period 2: The firm decides (a) whether to screen and (b) whether to hire.
Period 3: If the firm decides to hire, then production takes place and there is
Nash bargaining over the division of the surplus- the size of which is observed by the
firm and the hired worker.8.
We look for perfect Bayesian equilibria of the game in pure strategies. To charac-
terize the equilibrium, we also need to define the beliefs of the firm off the equilibrium
6Different reservation values for the workers or introducing limited liability for them will allow
the results to remain qualitatively the same.
7Nash Bargaining is a standard assumption in the labour literature. One can modify this to fit
other online markets better by having a flat pre-determined price being paid by the decision maker
for the product. This would make the analysis essentially the same.
8Thus, in this setup there is bargaining over the surplus ex-post. We avoid considering bargaining
before the size of the surplus is known, which would add complications without increasing insight.
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path. This matters particularly when, in equilibrium, the firm gets applications from
both workers (or from neither) and hence has to specify beliefs for the out of equi-
librium event of getting one application9. This out of equilibrium event will have a
non-singleton information set with λ∗
′
(.) being the belief that the firm holds that it
is worker 1 who has applied when it gets only one application.
We now consider in detail the beliefs and actions of the players, solving backwards
from the end. All proofs are in the Appendix .
2.2 Solving the Model
2.2.1 Period 3: Nash Bargaining Solution
In the spirit of backward induction, we start from period 3 which is the Nash bar-
gaining stage.
Since the firm and the hired worker bargain over the realized surplus there is no
asymmetric information at this stage. The wage w is set so that the logarithm of
the joint Nash product is maximized: maxw log [(v(θi)− w − 0)
γ(w − 0)1−γ], which











< 0. The ex-post equilib-
rium wage is given by
w = (1− γ)v(θi) (5)
We have v(θi) = V or X depending on whether the firm screens or not.
9When the firm gets only one application in equilibrium, off the equilibrium path the information
set is a singletion and hence we will have λ∗
′
(f = (1, 2)|n = 2) = 1 in that case.
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2.2.2 Period 2: Firm’s Screening Strategy
The gross value of the match that the firm gets when it does not screen worker i ,
in expectation, is piV − (1 − pi)X. The payoff to the firm, taking into account the
expected wage paid out is:
π(s10|gi1, g−i0) = piγV + (1− pi)γX (6)
If the firm gets only one application then it will never have any incentive to screen
because the expected value of hiring either worker is positive.
We define p ≡ p1+p2
2
. The payoff to different strategies when the firm gets two
applications is given by:
π(s20|g11, g21) = pγV + (1− p) γX






(1− pi)(piγV + (1− pi)γX)− c
In the case of the event{s21, g11, g21}, there is a
pi
2
chance of picking the appli-
cation of worker i and finding her to be type a in the first draw out of the pile of
applications. Thus, there is a (1−pi
2
) chance of not finding θi = a which provides
the continuation probability. The firm will have no incentive to screen the second
application if the first draw does not lead to a type a worker since the expected value
from the second draw would always be positive and the firm will always hire.
Conditional on getting two applications, it is efficient for the firm to screen both




c ≤ c+ ≡ γ(p− p1p2)(V −X) (7)
Thus, if the screening costs c ≤ c+are not too high, then it will be optimal for
the firm to screen both applications.
2.2.3 Period 1: Workers’ Application Strategy
In the first stage, the workers have to choose to either apply or not taking into ac-
count the screening strategy of the firm as well the wage they would get at the Nash
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bargaining stage.
The payoff to the worker i from applying (conditional on worker −i not applying
) is U i (gi1|(g−i0, s
1
0)) = (1 − γ)(piV + (1 − pi)X) − t. If both workers apply and if













(1− γ)(1− pi)X − t (8)





(1− γ)(piV − (1− pi)X)− t. The intuition behind these is based on the evaluation
procedure as highlighted in the previous section.
We can define different thresholds on t to identify efficient application actions by
the workers. If t is low enough (below a certain threshold) then both workers will
have the incentive to apply. If t is high enough but not too high then worker 1 will
be the only applicant. This happens, for a large range of parameter values, because
for any screening action of the firm worker 1 gets a higher expected payoff relative
to worker 2. For a range of parameter values, it is the case that the firm could get
one application from only either worker 1 or 2 since it might be in the interest of any
one worker to apply but not both simultaneously.
2.3 The Equilibria of the Model
We will now characterize the different pure strategy perfect Bayesian equilibrium
outcomes of the model.
Proposition 1. The Perfect Bayesian Equilibrium outcomes can be classified as
follows10:
(I) The firm gets two applications with both the workers applying if t is low
enough, and it screens if c is low enough.
(II) The firm gets one application with only worker 1 applying if t is high enough.
10The exact thresholds on t and c are given in the Appendix.
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(III) There can be multiple equilibria where firm receives one application either






The proposition follows from the thresholds computed above. In equilibrium, for
different parameter values, a firm may have different number of applicants ranging
from no applicants to both workers applying11. In (III) there are multiple equilibria
at the application stage in which either worker 1 applies or worker 2. It is never
the case that, for these parameter values, both workers have the incentive to apply
together.
In the next section, we establish a result which will capture the crux of the paper.
2.4 The Externality of the Marginal Applicant
The main idea we want to highlight is that the firm might be worse off getting two
applications rather than one. We first provide a definition for what we mean by the
marginal applicant:
Definition 2. Consider any equilibrium in which both workers apply, and in-
crease t while holding all other parameters constant. The marginal applicant is the
first to switch from applying to not applying.
We can identify the marginal applicant by looking at the workers’ application
strategies as we increase t.
We now provide a formal definition of the externality imposed on the firm by an
applicant:
Definition 3. The externality imposed by an applicant i ∈ {1, 2} is defined by













received by the firm in an equilibrium where it receives two applications, withj ∈
{0, 1}, and the payoff π(s10|g−i1, gi0) it would have got if it had received only one from
applicant −i .
11The no application equilibrium is economically uninteresting. Details of the characterization of
such equilibria are available from the authors upon request.
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For any any equilibrium outcome in which the firm gets two applications, there
is a range of parameter values such that, if t increases sufficiently to lead the firm
to receive one application instead of two, it will receive a higher payoff. Thus the
marginal applicant, denoted by h, can impose a negative externality, E(h)< 0, on
the firm. More formally:
Proposition 2.
(I) In an equilibrium where the firm does not screen, we have E(h) < 0 if the
marginal applicant is worker 2.
(II) In an equilibrium where the firm screens, we have E(h) < 0 if the marginal
applicant is worker 2 and c ∈ [γ (p2 − p1p2) (V −X), c
+].
The method to show this is straightforward. First, we need to compare the differ-
ence in the payoff that the firm receives when it gets two applications in equilibrium
and with the payoff it would have got had it received only one application, keeping
the screening strategy fixed. This provides us with a condition on the parameter c.
Using these conditions, we then need to verify whether the initial constraints on the
firm’s equilibrium strategies still hold ex-post.
In (I), the firm will be trivially worse off if worker 2 is the marginal applicant be-
cause of a decline in the average quality of the pool of applicants. Earlier, when the
firm received one application, it would have received a share of the expected surplus
generated by hiring worker 1. Now, it receives a share of the surplus by hiring either
worker 1 or worker 2 where the overall size of the surplus, in expectation, declines
when worker 2 is the marginal applicant. If the marginal applicant is worker 1 then
the firm will be better off because the statistical increase in the quality of applicants.
Figure 3.1 shows how the firm’s payoff evolves with t when there can be multiple









Figure 2.1: Firm’s payoff evolution with multiple equilibria




0 ) then the
firm gets one application from either worker 1 or worker 2. If t ≤ t−0 there is a
discontinuous rise or fall in the expected payoff of the firm depending on who is the
marginal applicant.
A marginal application has two effects when the firm screens. Each additional
application creates a positive option value for the firm. If the firm does not find a
type a worker in the first draw, it has the option of looking at the second applicant.
If the marginal applicant is a lower quality worker then there is a negative quality ef-
fect because of a statistical decline in average quality of the pool of applicants. Thus
looking at (II), the firm will be worse off if the marginal applicant is worker 2 and if
the quality effect outweighs the option value effect. If the firm screens applications
and it gets the marginal application from worker 1 then it is always better off. The
graphical intuition of this case is very similar to the figure above.
Corollary 1. If p1 = p2 (workers are homogeneous), then the firm can never
have a negative externality from an additional application.
This follows straight from the result established above. If the workers are homo-
geneous then there is never a decline in the average quality of the pool of applicants
with an additional application. Hence, if the firm does not screen then its expected
13
payoff remains the same from randomly picking an application. Moreover, if the firm
screens then the positive option value of an additional candidate always dominates
since there is no statistical decline in average quality.
2.5 Pricing and Welfare
In this section, we look to endogenize the cost of applying by allowing the firm to
choose it, and we analyze its impact on aggregate welfare. We compare total welfare
across equilibrium outcomes. As with the externality, we start with an equilibrium
where both workers apply (and the firm does not control t) and compare the welfare
to an equilibrium in which the firm prices away the marginal worker, hence getting
only one application. In this case, we allow the firm to set a non-monetary cost e on
top of t such that t+e, with e ≥ 0, is the total cost of making an application. To keep
things simple, we assume that a firm can impose this on the applicants without an
additional cost to itself. Now, before the workers apply, the firm decides on e. Upon
observing the total cost, workers decide to apply or not.12 The aggregate welfare
when the firm gets two applications (when t is low) is given by W2 as compared to
when it gets only one (when t is set high),W1.
We focus on the cases where worker 2 is the marginal applicant such that the
firm has incentive to price away the negative externality to get:
Proposition 3. For any pair of equilibrium outcomes, the firm can set t+ e∗ to
price away worker 2 which leads to W1 ≥ W2 for a subset of the parameter space.
12This cost, in general, can be in the form of an application fee or can come from making the
application a very long and time consuming process. A significantly longer and different application
form is one of the main reasons why the University of Chicago, for a long time, got significantly
less applications for its undergraduate class compared to other similarly ranked institutions. They
had what was called the “Uncommon Application,” in contrast to the Common Application, the
standardized form that allows students to apply to any of hundreds of participating colleges (New
York Times, November 2010). Its application forced applicants, apart from other things, to write
long and creative essays on topics such as “If you could balance on a tightrope, over what landscape
would you walk? (No net)”. Such exercises were used to weed out candidates who would not be a
good match for the institution.
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In general, the point at which we switch from a single application to a two applica-
tion equilibrium can reduce the aggregate welfare. Worker 2 has the same probability
of being picked out by the firm as worker 1 but generates a surplus ≈ 0 as compared
to the strictly positive surplus generated by worker 1. Even as t declines further, the
welfare in a two application equilibrium might be outweighed by the welfare of the
one application equilibrium. In particular, if the firm screens in the two application
equilibrium, then this prevents it from incurring an additional c in expectation which
can potentially increase welfare.






Figure 2.2: Firm’s and workers’ payoff evolution with t
Focussing on the pair of equilibrium outcomes where the firm does not screen,
figure 3.2 shows how the payoff to both the workers (given by the thick dashed line)
as well as the firm (given by the solid line) evolves with t . When t reaches below
t+0 , worker 1 is willing to apply. As t declines further, the payoff of worker 1 has a
one-to-one increase since it is the residual claimant of any decline in the application
costs. As t ≤ t−0 , then worker 2 also applies which first reduces the combined welfare
of the workers but as t declines further leads to a gradual increase. One can see
that for values of t not too low, the aggregate welfare when the firm receives one
application can outweigh the aggregate welfare when the firm receives two.
There is a caveat which should be kept in mind. The outside option of each of the
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workers is normalized to zero. If worker 1 has a high enough outside option relative
to worker 2, then such a pricing policy could make worker 1 not apply and choose its
outside option. A similar concern would be if e was a monetary cost imposed on the
applicants. In the presence of budget constraints, such a pricing policy could result
in counter productive outcomes for the firm.
3 Extention: Multiple Firms and Workers
We now sketch out an extension to the model with a large but finite number of het-
erogeneous workers and firms. We will highlight how the intuition of the externality
in the previous section still holds, with the details being relegated to the appendix.
As in the basic setup, each worker can potentially be a good match with any of the
firms. We have a framework with discrete worker types with the intrinsic ability
revealed if the firm screens applicants.
We denote workers by i ∈ {1, 2, ...., L} and the firms by m ∈ {1, 2, ..., K} with
L ≥ K. A worker i can be one of K possible types with θi ∈ {1, 2, ...K}. As in the
basic model, we allow each worker to have a positive probability to be a good match
with any of the firms with:
p(θi = m) = pim ∈ (0, 1), ∀i,m
with
∑
m pim = 1, ∀i.
The value of the match created by firm m hiring worker i is:
v(θi = m) = V
v(θi 6= m) = X
A worker, as before, can apply to a firm at a cost t > 0. We allow the workers
to send an arbitrary number of applications with a maximum of one per firm. The
cost of evaluating applications is again captured by c > 0.
If a worker recevies multiple offers, we allow firms to compete for a worker’s ser-
vices in the Bertrand sense by offering a higher expected wage. In this competition,
what matters is the expected value of the surplus of its highest and second highest
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offers. Consider firm m(s) which provides the (second) highest value amongst the of-
fers made to worker i. Since each firm knows the index of the worker being competed
for, firm m will be able to hire by providing a payoff of E(M is) ≡ psV + (1 − ps)X
to the worker, with its own payoff being E(M im)− E(M
i
s).
We characterize the symmetric equilibrium of the model in which all workers ap-
ply to all firms where the firms choose the same screening strategy in equilibrium.
The intuition behind the result relies on the application and screening cost thresholds
as in Section 3.3.
We then establish the existence of a negative externality of the marginal appli-
cant. Now, in addition to a statistical increase or decrease in quality of the pool
of applicants, there is another effect because of the ex-post competition. As in the
basic model, there is a ‘pure’ quality effect. A marginal applicant of greater (less)
than average quality increases (decreases) the quality of the pool of applicants.
Now, however, there is a competition effect as well. If firm m does not rank ‘high’
or if the marginal applicant has outside options which will lead to a high expected
payoff being provided as a result of the competition, then the firm might still be
worse off even with higher than average applicant. Similarly, firm m might be better
off with a lower ability marginal applicant if the decline in quality is outweighed by
weak competition from other firms for this particular candidate.
As an illustration, consider an equilibrium outcome in which each firm gets L
applications and no firm screens any application. For any such equilibrium there is
a range of parameter values such that , if t increases sufficiently to lead firm m to
receive L − 1 applications (with the marginal applicant switching from applying to


























which will capture what we will call the (pure) quality effect which measures the
difference in the expected payoff for firmm when it hires an individual, not picked out























































which will capture the competition effect which measures the difference in the ex-
pected payoff for firm m when it competes for a worker, picked out by atleast one
other firm, randomly drawn from a pool of L instead of a pool of L− 1 applications.
In such a situation, we find that firm m will be worse off with L rather than L − 1
applications if ∇L−1 +△L−1 > 0.
4 Conclusion
In this paper we address the question of whether a potential employer can be worse
off with more applications than less. We show that, contrary to conventional wis-
dom, this can happen in a variety of cases. The basic mechanism which drives the
results is that, as application costs decline, if the additional applications are made
by lower quality applicants then the firm can be worse off. We provide a framework
with a flexible screening procedure in which a particular firm can be better or worse
off with an additional application. We show that even when the firm has access to
a screening technology and never hires a worker who is intrinsically ‘bad’, it can be
worse off. If worker heterogeneity is high enough, then the additional application to
the firm always comes from a worker who has a lower ex-ante quality which makes
the possibility of a negative externality greater.
The only occasion when a firm gets a low quality worker as the only applicant
is in a situation where there are multiple equilibria and either worker could have
made the application to that firm. Thus, the occasions when a negative externality
of an additional application can arise are far greater than when a positive externality
occurs. We then look at a situation where the firm can price applications; such an
increase could raise aggregate welfare and not only the firm’s profits. We then extend
the model to allow for a large number of firms and workers to show that the basic
insights still go through. In this extended model, we also allow for competition for a
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worker’s service between the firms if she receives more than one offer.
This phenomenon has yet to be explored in the literature in spite of its evident
pertinence in the context of the digital age. With communication costs declining
rapidly, individuals are often swamped with much more information than they would
want. This phenomenon has also been noticed in the context of firms and other in-
stitutions receiving many more applications than they would ideally want.
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Appendix I: Omitted Proofs
Proposition 1: We will establish the result by examining the different cases one at
a time.




t ≤ t∗k, then it is in the interest of both workers to apply. If either worker deviates,
it will get a payoff = 0. Conditional on getting two applications the equilibrium
strategy for the firm is to screen for θi if c ≤ c
+. The belief on the equilibrium
path is λ∗(f = (1, 2)|n = 2) = 1 since this information set is a singleton. Off the
equilibrium path, there is a non singleton information set. If the worker deviates she
receives zero, we can have λ∗
′
(.) ∈ (0, 1) which will sustain this equilibrium outcome
for the given parameter values due to equilibrium domination .












then worker 1 will apply since U1 (g11|(g10, s
1
0)) ≥ 0. Worker 2 will still not apply
since even if she was the only applicant since U2 (g21|(g11, s
2
k)) ≤ 0. Using Bayes’
rule along the equilibrium path implies that λ∗(f = 1|n = 1) = 1. The firm, con-
ditional on getting one application, will not screen. Belief off the equilibrium path
λ∗
′
(k = (1, 2)|n = 2) = 1 is unique since the information set is a singleton.
(III) If u1(g11|g21, s
2
k) ≤ t ≤ u
2(g21|g10, s
1
j) then worker 1 would find it profitable
to apply if worker 2 does not and vice-versa. Thus, there could be two equilibria
at the application stage in pure strategies. One is in which worker 1 applies (since









The other one is in which worker 2 applies and worker 1 does not. The firm’s screen-
ing strategy will be to screen in either case. The beliefs on and off the equilibrium
path are specified in manner similar to what we saw above. QED
Proposition 2: We establish the result for each of the firm strategies.














0, which implies that:
piγV − (1− pi)γX − pγV + (1− p)γX ≥ 0 (9)
This will hold if e = 1 which means i = 1 . This holds by assumption since p1 > p2
and hence p1 >
p1+p2
2






this inequality does not hold, then i could be either 1 or 2. If i = 2, then there would
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0|g10, g21) ≥ 0 .






21}. For the negative






0|g11, g20) ≤ 0, which
holds if the cost of screening is high enough:
c ≥ γ(p2 − p1p2)(V −X)
This inequality will only hold if the marginal applicant is worker 2. QED
Proposition 3. We will proceed by looking at each possible pair of equilibrium
outcomes with worker 2 being the marginal applicant:
First, consider {s21, g11, g21} and {s
1
0, g11, g20}. This implies that W
2 = V (p −
p1p2)+X(1− p− γ(p+ p1p2))− 2t− c while W
1 = p1V +(1− p1)X − t− e
∗. Pricing
away worker 2 can lead to an increase in aggregate welfare if W2 − W1 ≤ 0. For





+ γ(p+ p1p2) ≥ e
∗− t− c. The left
hand side of the inequality is positive even if γ = 0 and hence, for e∗ small enough
or t or c large enough we will have W1 ≥ W2.
Next, consider the pair {s20, g11, g21} and {s
1
0, g11, g20}. The outcome {s
2
0, g11, g21}
leads to W2 = 1
2
(p1V + (1 − p1)X) +
1
2
(p2V + (1 − p2)X) − 2t while the latter
leads to p1V + (1 − p1)X − t − e
∗. Pricing away worker 2 can lead to an increase
in aggregate welfare if W2 − W1 ≤ 0. For W2 ≤ W1 it must be the case that
1
2
(p1− p2)(V −X) ≥ e
∗− t. This inequality holds for an e∗ low enough even if t = 0.
QED
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Appendix II: Extension to Many Firms and Work-
ers
Using the setup outlined in the body of the article, we first define the payoffs of
the firms and the workers from different screening strategies. Define E(M im) ≡
pimV + (1− pim)X, which is the expected surplus generated when worker i matches
with firm m when it does not screen13.
Payoff to the Firms
We characterize the payoffs to the firms when the cost of applying is low enough
such that each worker makes k applications.
The expected payoff to firm m if each firm gets l applications and they decide



































If no other firm picks out worker i, then firm m gets a share γ of the surplus






. If worker i does get multiple
offers, firm m will only be able to hire her if it provides the highest offer.
Now suppose each firm gets l applications and they decide to screen for θi. Thus,
there can be l − 1! sequences in which applications are picked out which define the

















13For the purpose of analytical simplicity we will normalize X = 0 which will allow us to derive
a clean expression for the payoffs when the firms screen.
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In the first draw of applications, if worker i is picked out then the expected payoff
is 1
l
(γpimV − c). If the firm picks out worker j in the first draw, there is a proba-
bility 1
l
(1 − pjm), that the firm does not find say worker j with θj = m. The firms
keeps evaluating applications at a cost c till it does not find a θi = m. The above
expression is with a slight abuse of notation because the product (1− pjm)
h as well
as the worker picked out at any draw will depend on the exact identity of applicants
picked out in previous draws.
Payoffs of the Workers
We now look at the payoffs that worker i would get from making k applications and
the conditions under which it would be efficient to do so.
Suppose the firms were not screening for θi, then if all the other workers were



































The payoffs follow the screening procedure. Next, we look at the payoff to the
worker when the firm does screen for intrinsic ability. If all the other workers were

























This expression follows the evaluation procedure adopted by the firms. Worker i
could, from an ex-ante perspective, be a good match for any of the k firms. The
worker could be picked in the first draw or in the second draw and so on. This
can happen for each of the firms that the worker has applied to which leads to the
expression above.
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The Equilibrium of the General Model
We focus on symmetric pure strategy perfect Bayesian equilibria where all workers
apply to all the firms14.
Proposition 4. The pure strategy equilibrium outcomes of the game are as
follows:
(a) Each worker applies to all firms and the firms screen if t ≤ t++i , ∀i and c ≤min
{c+m, γpgmV } ∀m.
(b) Each worker applies to all firms and the firms do not screen if t ≤ t̂i, ∀i and
c ≥min {ĉm, γpgmV } ∀m.
(c) The rest of the parameter space admits no symmetric equilibria in which all
workers make K applications.
The decisions to apply and screen depend on the different parameter values. If
the cost of making an application is low enough then all workers apply to all firms,
given their screening strategy. For the firm to screen all applications in expectation,
it must be that the cost of screening is low enough (c ≤ γpgmV ). We can establish
that ĉm ≥ c
+
m, ∀m because of the weak submodularity of the firms’ payoffs in their
screening actions. If ĉm > c > c
+
m then there would not be any symmetric equilibrium
since it violates the conditions for the firms to adopt symmetric screening strategies
while asymmetric equilibria can be constructed15.
The Externality in the General Model
We consider a symmetric equilibrium in which each firm m gets L applications. We
define the marginal applicant in exactly the same way as in the basic model. We
re-state the definition of what we mean by the externality imposed by an applicant:
14It is a reasonable conjecture that one can characterize the equilibria in the same way when each
worker sends an arbitrary number of applications since the trade-offs involved are identical.
15Details of the computation on the various thresholds is given below in the proofs.
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Definition 4. The externality imposed by an applicant i is defined by
E(i) ≡ π((q, L)m|g
∗
k
, s∗−m(L))− π((h, L− 1)m|(gi,k−1,g−i,k), s−m(L))
, which is the difference in the payoff π((q, L)m|g
∗
k
, s∗−m(L)), received by the firm in





, s∗−m(L)}, with h = 0(L−1) if q = 0(L)and
the payoff π((h, L − 1)m|(gi,k−1,g−i,k), s−m(L) it would have got if it had received
only L − 1 applications16. We denote the marginal applicant by y and l
2
the index
of the average applicant from the existing pool based on firm m’s initial ranking.
Proposition 5.
(I) In the equilibrium where the firms do not screen , E(y) < 0 if∇L−1+△L−1 > 0.





BV, c+m] otherwise E(y) > 0.
The method to prove this proposition is similar to what we saw in the benchmark
model. The intuition behind (I) has been discussed in Section 3.4.
The trade-off in (II) is the same as in the basic model. If in equilibrium all the
firms screen, firm m can still be worse off with the additional application if the option
value provided by the marginal applicant is outweighed by the statistical decline in
average quality.
Proofs
Proposition 4. We will characterize the equilibrium looking at one case at a time.
(a) Let us first look at the response of the firms. Given that all workers apply
to all firms, firm m will screen all the L applications if π((L,L)m|gK, (L,L)−m) ≥
π((0, L)m|gK, (L,L)−m) or if the cost of screening c ≤ c
+
m otherwise will screen none.















, ∀i). The Kth application would bring the lowest ex-ante pay-
off and hence would provide the tightest restriction on the cost of making an appli-
cation. On the equilibrium path, we have λm∗(f = (1, 2, ..., L)|n = L) = 1 for each








(L)} does not completely define the equilibrium since
we would need to define how many applications each firm would screen for any number that it
might receive.
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of the m firms. As in a previous proof, there is equilibrium domination and hence
this equilibrium can be sustained by any beliefs λm
′∗(.) ∈ (0, 1) off the equilibrium
path.
(b) In a similar way, we can see that if π((0, L)m|gK, (0,L)−m) ≤ π((0, L)m|gK, (L,L)−m)
or equivalently if c ≥ ĉm, ∀m, then no firm will have an incentive to screen. Addition-















equilibrium all workers make K applications since no firm screens any of the appli-
cations. Since t ≤ t̂i, ∀i, it provides the tightest restriction on the cost of applying.
The beliefs can be characterized as in the previous case.
The case where workers apply to K − k firms could be solved in a similar man-
ner since the fundamental trade-offs involved are very similar even though each firm
might end up receiving a different number of applications since the initial ranking of
firms by workers can be different. The equilibrium in which no (or some) firm gets
any applications can be characterized as in the benchmark model. We can isolate
unique out of equilibrium beliefs to deal with issues of multiplicity of equilibria. QED
Proposition 5. We will prove this proposition by looking at firm m . We look
at the different cases as follows:











, (0,L)∗−m)− π((0, L− 1)m|(gi,k−1,g−i,k), (0,L)−m) ≤ 0




























s )]}. An additional applica-


























. ∇L−1 > 0(< 0) if the marginal applicant y is below (above) the average quality
of the pool of applicants. We can have △L−1 ≶ 0 depending on the competition from













































































We can see that the sum of the first two terms is always positive. Thus, whether
△L−1 is positive or negative depends on the magnitude of the first two terms and
how it compares with the third. For E(y) < 0, it must be that ∇L−1 +△L−1 > 0.










, (L,L)∗−m)− π((L− 1, L− 1)m|(gi,k−1,g−i,k), (L,L)−m) ≤ 0






























which gives the condition c ≥ 1
δ

























is the coefficent on c. If the inequality holds,
the additional cost imposed on the firm from screening outweighs the option value
provided by the marginal applicant. Also, it must be that c ∈ [1
δ
BV, c+m] 6= {φ},∀m.
The above inequality holds if the rank of y ≥ L
2
for firm m, i.e the marginal applicant
is above the average quality otherwise E(y) > 0. QED
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